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ABSTRACT 
Understanding the role humans play in modifying ecosystems through urban 
development is central to addressing our current and emerging environmental 
challenges. Urbanization can drastically modify carbon (C) and nitrogen (N) 
cycling in terrestrial ecosystems. However, spatiotemporal distribution of these 
modifications and their impact on ecosystems are not well-quantified.  
 In this dissertation, I combined field and remotely sensed data, models 
and laboratory analysis, and socioeconomic data to understand the variations in 
ecosystem characteristics and their socioeconomic covariates along a 100-km 
urbanization gradient in the Boston region. Vegetation and soil C and N 
chemistry from 139 field plots show that C and N content increased in soil and 
decreased in vegetation with urbanization for forest, residential and other-
developed land use classes. Landsat normalized difference vegetation index 
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correlated positively with aboveground biomass and foliar N content (but not N 
concentration), and negatively with impervious surface area (ISA) fraction. 
Patterns in foliar N concentration are associated more strongly with changes in 
species composition than with phenotypic plasticity. My results demonstrate the 
need to account for ISA fraction when scaling vegetation and soil data across 
urban landscapes.  
 Measured atmospheric inorganic N inputs at nine sites along the gradient 
correlated significantly with proximity to urban core and modeled on-road CO2 
emissions. N leaching rates correlated positively with atmospheric N input rates. 
A regional model underestimated atmospheric N inputs at urban sites and 
overestimated it at rural sites, thus highlighting the need to incorporate the 
effects of urbanization in N deposition models.  
 Analysis of census variables, forestland owner surveys, and biomass 
highlighted the scale-dependent relationships between socioeconomic variables 
and vegetation biomass. Owner occupancy showed the strongest and most 
consistent relationship with biomass across different scales. Combined with 
either housing age or educational attainment, owner occupancy explained ~80% 
variance in biomass in different spatial extents of the gradient. Conservation 
awareness among landowners was higher near the urban core and correlated 
positively with educational attainment and landholding size.  
viii 
 
 My results demonstrate the complex spatial variations in urban 
biogeochemistry and help develop a mechanistic understanding of urban 
ecosystem function and its socioeconomic covariates. 
  
ix 
 
Table of Contents 
Acknowledgements ........................................................................................... iv 
ABSTRACT ......................................................................................................... vi 
Table of Contents .............................................................................................. ix 
List of Tables ................................................................................................... xiii 
List of Figures .................................................................................................. xiv 
List of Abbreviations ...................................................................................... xvii 
Chapter 1 - Introduction ..................................................................................... 1 
1.1. Background and rationale .......................................................................... 1 
1.2. Urbanization and biogeochemistry of C and N of vegetation and soil ........ 1 
1.3. Urbanization and inorganic atmospheric N inputs ...................................... 5 
1.4. Socioeconomic variables and vegetation biomass ..................................... 6 
Chapter 2 - Field and remotely sensed measures of soil and vegetation 
carbon and nitrogen across an urbanization gradient in the Boston 
Metropolitan Area ............................................................................................... 9 
2.1. Introduction .............................................................................................. 10 
2.2. Materials and methods ............................................................................. 15 
2.2.1. Study area ......................................................................................... 15 
2.2.2. Field data ........................................................................................... 17 
2.2.2.1. Sampling design ......................................................................... 17 
x 
 
2.2.2.2. Data collection ............................................................................ 20 
2.2.2.3. Laboratory analysis ..................................................................... 21 
2.2.3. GIS and remote sensing data ............................................................ 22 
2.2.4. Data analysis ..................................................................................... 23 
2.3. Results ..................................................................................................... 26 
2.3.1. Gradient characteristics ..................................................................... 26 
2.3.2. Aboveground ecosystem variations ................................................... 29 
2.3.3. Soil chemistry .................................................................................... 33 
2.3.4. Ecosystem characteristics at the transect grid scale ......................... 36 
2.4. Discussion ................................................................................................ 38 
2.4.1. Urban ecosystem patterns and heterogeneity ................................... 38 
2.4.2. Challenges in urban scaling and comparability ................................. 41 
2.4.3. Remote sensing for characterizing urbanization gradients ................ 44 
2.5. Conclusions & implications ...................................................................... 47 
2.6. Online resources ...................................................................................... 50 
Chapter 3 - Atmospheric nitrogen inputs and losses along an urbanization 
gradient from Boston to Harvard Forest, MA ................................................. 52 
3.1. Introduction .............................................................................................. 53 
3.2. Materials and methods ............................................................................. 57 
3.2.1. Study area and sampling design ....................................................... 57 
3.2.2. Sample collection .............................................................................. 62 
xi 
 
3.2.3. Laboratory analyses .......................................................................... 64 
3.2.4. Nitrogen fluxes and partitioning sources of nitrate ............................. 65 
3.2.5. Spatial analyses ................................................................................ 66 
3.2.6. Statistical analyses ............................................................................ 67 
3.3. Results ..................................................................................................... 68 
3.3.1. Inorganic N fluxes along the urbanization gradient ............................ 68 
3.3.1.1. Atmospheric N Inputs .................................................................. 68 
3.3.1.2. Nitrogen leaching ........................................................................ 70 
3.3.2. Natural abundance isotopes of the inorganic N fluxes....................... 74 
3.4. Discussion ................................................................................................ 76 
3.4.1. Urbanization and atmospheric N inputs ............................................. 76 
3.4.2. N leaching rates ................................................................................ 79 
3.5. Conclusion ............................................................................................... 81 
3.6. Online resources ...................................................................................... 83 
Chapter 4 - Socioeconomic predictors of vegetation biomass and forest 
conservation awareness .................................................................................. 85 
4.1. Introduction .............................................................................................. 85 
4.2. Materials and Methods ............................................................................. 89 
4.2.1. Study area ......................................................................................... 89 
4.2.2. Socioeconomic data .......................................................................... 90 
4.2.3. Vegetation data ................................................................................. 91 
xii 
 
4.2.4. Forest conservation awareness data ................................................. 92 
4.2.5. Analysis ............................................................................................. 93 
4.3. Results and discussion ............................................................................ 95 
4.3.1. Socioeconomic drivers of aboveground tree biomass in the cities of 
Boston and Brookline .................................................................................. 95 
4.3.2. Socioeconomic drivers of aboveground tree biomass along the 
urbanization gradient ................................................................................. 104 
4.3.3. Conservation awareness analysis along the gradient...................... 112 
4.4. Conclusion ............................................................................................. 124 
Chapter 5 - Conclusion .................................................................................. 128 
5.1. Effect of urbanization on the biogeochemistry of C and N in vegetation and 
soil ................................................................................................................ 130 
5.2. Variations in atmospheric inorganic N inputs and losses along the gradient
 ...................................................................................................................... 131 
5.3. Socioeconomic predictors of vegetation biomass and forest conservation 
awareness..................................................................................................... 133 
5.4. Future directions .................................................................................... 134 
Bibliography .................................................................................................... 136 
Curriculum Vitae ............................................................................................. 153 
xiii 
 
List of Tables 
Table 2.1. The nine sample classes and transect area within each class.. ........ 19 
Table 2.2. Plot-scale foliar and soil characteristics for the 9 sample classes.. ... 30 
Table 2.3. Mean foliar N concentration with 95% CI (in parenthesis) of the three 
major species and two species-categories. ................................................. 33 
Table 3.1. Description of the nine sites where we measured atmospheric N 
inputs and leaching losses. ......................................................................... 59 
Table 4.1. Aboveground biomass (means ± SE) and demographic information for 
the neighborhoods of Boston and Brookline. ............................................. 100 
Table 4.2. Relationship between aboveground biomass and owner occupancy for 
the neighborhoods of Boston and Brookline .............................................. 101 
Table 4.3. Socioeconomic variables which explained the variation in biomass 
unexplained by owner occupancy rates .................................................... 103 
Table 4.4. Socioeconomic characteristics and biomass of the 38 transect towns
 .................................................................................................................. 108 
 
  
xiv 
 
List of Figures 
Figure 2.1. Map of the study area. ..................................................................... 15 
Figure 2.2. Urbanization metrics and major vegetation types for the north and  
south transects. ........................................................................................... 28 
Figure 2.3. Relationship between ISA fraction and field measurements of (a) plot 
aboveground biomass (kg C m-2), (b) species-weighted average plot foliar N 
content (g N m-2), and (c) species-weighted average plot foliar N 
concentration (percent)................................................................................ 33 
Figure 2.4. Plot-scale relationships between growing season mean Landsat 
NDVI and (a) ISA fraction, (b) Aboveground biomass (kg C m-2), (c) foliar N 
content, and (d) foliar N concentration. ....................................................... 35 
Figure 2.5. Transect grid scale relationship between foliar N content and (a) ISA 
fraction, (b) all-pervious estimates of soil N content, and (c) impervious-
adjusted estimates of soil N content. ........................................................... 36 
Figure 3.1. Two sampling transects along an urbanization gradient from Boston, 
MA westward to Harvard Forest (to the north) and Worcester (to the south).
 .................................................................................................................... 58 
Figure 3.2. The nine sample sites for atmospheric N inputs and loss 
measurements. ............................................................................................ 61 
xv 
 
Figure 3.3. NH4+, NO3- and total atmospheric inorganic N inputs as a function of 
(a) proximity to urban core of Boston, (b) the impervious surface area (ISA) 
fraction, and (c) road CO2 emissions ........................................................... 69 
Figure 3.4. Relationships between measured and modeled NH4+, NO3-, and total 
inorganic N inputs. ....................................................................................... 71 
Figure 3.5. (a) NH4+, (b) NO3-, and (c) total inorganic N leaching as a function of 
proximity to the urban core of Boston .......................................................... 72 
Figure 3.6. Relationship between (a) total inorganic N inputs and leaching, and 
(b) soil percent N and total inorganic N leaching ......................................... 73 
Figure 3.7. Natural abundance stable isotope composition for nitrogen and 
oxygen in nitrate of atmospheric inputs and leachate .................................. 75 
Figure 3.8. Percent contribution of nitrate in leachate from atmospheric N input 
and nitrification ............................................................................................ 76 
Figure 4.1. Distribution of biomass for the cities of Boston and Brookline ......... 96 
Figure 4.2. Biomass as a function of percent owner occupancy in the combined 
cities of Boston & Brookline at two different spatial scales .......................... 98 
Figure 4.3. Spatial distribution of (a) vegetation biomass, (b) % owner 
occupancy, and (c) % population with ≥ Bachelor's degree. ..................... 107 
Figure 4.4. Correlation of town-level (n = 38) aboveground biomass with (a) 
population density, and (b) distance from urban core. ............................... 109 
Figure 4.5. Significant relationships between biomass and socio-economic 
variables .................................................................................................... 110 
xvi 
 
Figure 4.6. Means ± standard error for respondent’s (a) CAI knowledge and CAI 
experience, and (b) CAI sub-scores for knowledge and experience of four 
conservation programs in Massachusetts ................................................. 113 
Figure 4.7. Socio-economic and biophysical predictors of family forest owners' 
conservation knowledge and experience................................................... 116 
Figure 4.8. Towns along the urbanization gradient where family forest owners (n 
= 451) were surveyed on their knowledge and experience of forest 
conservation programs .............................................................................. 118 
  
xvii 
 
List of Abbreviations 
AGB    Aboveground Biomass 
C    Carbon 
CAI     Conservation Awareness index 
CASTNET   Clean Air Status and Trends Network 
Ch61    Chapter 61 
CI    Confidence Interval 
CO2    Carbon Dioxide 
CR    Conservation Restriction 
CUTP    Current Use Tax Program 
EP    Estate Planning 
EVI    Enhanced Vegetation Index 
GIS    Geographical Information Systems 
ISA    Impervious Surface Area 
LAI    Leaf Area Index 
MODIS   Moderate Resolution Imaging Spectroradiometer 
MSA    Metropolitan Statistical Area 
N    Nitrogen 
NADP    National Atmospheric Deposition Program 
NDVI    Normalized Difference Vegetation Index 
NH4+    Ammonium 
NO3-    Nitrate 
NPP    Net Primary Productivity 
xviii 
 
SE     Standard Error 
TH    Timber Harvesting 
δ15N    Delta 15 Nitrogen isotope 
δ18O    Delta 18 Oxygen isotope 
 
  
 
 
 
 
 
 
1 
 
 
Chapter 1 - Introduction 
1.1. Background and rationale 
Between circa 2000 and 2030, the world urban population is expected to 
increase 2.5 times (UN 2012) and the urban area is expected to triple (Seto et al. 
2012). Urbanization is a global phenomenon and causes significant changes to 
land use and land cover, biogeochemistry of vegetation and soils, and 
atmospheric pollutant concentrations. The effect of urban areas on energy and 
material flows (Kennedy et al. 2011), and biogeochemical cycling (Kaye et al. 
2006) reach far beyond their physical boundaries (Grimm et al. 2008, Pickett et 
al. 2011). This is particularly true with respect to the global carbon (C) and 
nitrogen (N) cycles. The high concentration of residential, commercial, industrial, 
and transportation infrastructure in urban areas means that cities are major 
sources of CO2 (Grimm et al. 2008a), and contribute significantly to atmospheric 
N deposition (Lovett et al. 2000; Bettez 2009; Templer and McCann 2010). 
These changes in biogeochemistry can radically alter soil and vegetation 
chemistry and productivity in urban ecosystems (Pickett et al. 2011).  
Urban ecology is a relatively young but rapidly growing research area, which 
attempts to understand the structure and functions of urban ecosystems. These 
ecosystems are  exposed to environmental conditions such as elevated CO2, 
high N deposition, and larger growing season lengths that other terrestrial 
ecosystems are likely to experience in coming years because of global change. 
Understanding the responses of urban ecosystems can help inform broader 
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adaptation and mitigation strategies for global environmental change. In spite of 
increasing scientific scrutiny of urban ecosystems in the recent years, many 
questions about urban biogeochemistry remain unanswered due to the complex, 
often contradictory influences of urbanization on the terrestrial C and N cycles. In 
regions where closed-canopy forest is the dominant native vegetation, urban 
development can lead to large decreases in aboveground biomass and net 
primary productivity (Hutyra et al. 2011a). However, in arid and semi-arid 
regions, urbanization can have the opposite impact on primary productivity 
(Imhoff et al. 2004). Similarly, physical changes in the landscape, such as 
increased impervious surface area (ISA; Elvidge et al. 2007) and the 
replacement of natural vegetation with lawns (Milesi et al. 2005), can positively or 
negatively alter soil C and N stocks and fluxes (Imhoff et al. 2004; Kaye et al. 
2006).  
Urban vegetation provides critical ecosystem services such as reduction of air 
pollution and urban heat island effect, conservation of building energy use, 
preservation of soil and hydrology, habitat for fauna, and recreation. Sustainable 
management of vegetation in urbanizing regions can thus provide multiple 
benefits to the society including reduced impacts of urbanization on the local to 
global climate systems. The composition and abundance of urban vegetation are 
primarily shaped by human decisions. By adopting an interdisciplinary approach 
to understand the spatial distribution and biogeochemical characteristics of 
vegetation in the urbanizing region of Boston area and its socioeconomic 
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predictors my research will improve our understanding of the coupling between 
human and natural systems. This understanding can therefore provide valuable 
inputs to local and regional policy- and decision-making. Pioneer studies have 
identified the relationships between socioeconomics and urban ecosystems 
(Whitney and Adams 1980; Chesson 2000). However, it is not clear if the 
socioeconomic and cultural drivers of urban ecosystem characteristics identified 
in some studies (Hope et al. 2003; Kinzig et al. 2005; Gavier-Pizarro et al. 2010) 
are specific only to the particular study areas or apply to urban areas universally.    
It is being increasingly recognized that a binary distinction between urban and 
rural areas is rather arbitrary and a gradient more realistically captures 
continuous variations that characterize urban to rural landscapes. Boston, being 
part of a large megalopolis with extensive tracts of vegetated areas, provides a 
unique setting to understand complex interactions between urbanization, and 
biogeochemical and ecological processes.  
My dissertation aims to improve our understanding of the effects of urbanization 
on biogeochemistry and ecology by examining three interrelated issues along an 
urban-to-rural gradient in the Boston region: first, the relationship between 
urbanization and ecosystem characteristics, especially the biogeochemistry of C 
and N of vegetation and soil; second, spatial variation in atmospheric inorganic N 
inputs and losses; and third, the socioeconomic predictors of vegetation biomass 
and forest conservation awareness. My research findings will help characterize 
the interactions between biotic and abiotic facets within urban ecosystems in 
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general and Boston area in particular. By analyzing biogeochemical processes 
within the Boston region, my research will augment the knowledge base of urban 
ecosystems and contribute to the understanding of human driven global 
environmental change. 
1.2. Urbanization and biogeochemistry of C and N of vegetation and soil 
Urban areas receive higher rates of atmospheric N deposition than rural areas 
(Lovett et al. 2000, Bettez et al. 2009, Templer et al. 2010). However, it is unclear 
to what extent these N inputs have led to systematic changes in canopy and soil 
N content (g N/ m2 ground) and concentration (g N/ g biomass) across urban-to-
rural gradients and affected ecosystem productivity. Higher N deposition may 
result in increased foliar N concentration in hardwood and coniferous forests, but 
changes in species composition may complicate our ability to resolve these 
patterns across urban-to-rural gradients (Nihlgard 1985; McNulty et al. 1991; 
Boggs et al. 2005; Fang et al. 2011). Urban development may increase soil 
organic carbon pools in warmer and drier climates or, alternatively, it may result 
in the replacement of rich native soil carbon pools with lower quality soils (Pouyat 
et al. 2006).  A recent study of soils beneath impervious surfaces found that C 
and N losses from these areas may offset sequestration in other parts of the 
urban landscape (Raciti et al. 2012a).  
In Chapter 2 of this dissertation, I use field data from 139 plots and laboratory 
analysis of canopy and soil chemistry to understand and quantify the effects of 
urbanization on canopy and soil C and N.  Field data can provide important 
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information about variations at plot scale along the gradient but does not 
necessarily capture landscape scale changes. Remote sensing is a powerful tool 
for scaling up plot-level ecological and biogeochemical properties to landscape or 
regional scale. By combining plot-scale field data with remotely sensed 
vegetation indexes, I explore the potential of multispectral remote sensing for 
scaling up ecosystem properties and processes along an urban to rural gradient.   
1.3. Urbanization and inorganic atmospheric N inputs  
Atmospheric N inputs refer to the input of reactive forms of nitrogen from the 
atmosphere to the biosphere and is a form of atmospheric pollution with 
anthropogenic sources. Inorganic nitrogen, in the form of NH4+ and NO3-, can 
arrive as dry (gaseous and particulate forms of N) or wet (dissolved N in fog, rain 
and snow) deposition. N deposition is spatially very heterogeneous and currently 
there is insufficient data for urban areas. The National Atmospheric Deposition 
Program (NADP), National Trends Network (NTN), and the Clean Air Status and 
Trends Network (CASTNET) monitoring sites are predominantly located away 
from urban areas and point sources of pollution so as to represent the regional 
trends in pollution. In Chapter 3, I use data collected at 9 different locations to 
characterize and understand the spatial variations in inorganic atmospheric N 
inputs and losses along the urbanization gradient.  
In addition to measuring and monitoring N inputs and losses, a key issue in N 
cycling research is to partition the relative contributions of atmospherically 
deposited N versus microbially fixed N to understand the current N limitations in 
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ecosystems. Natural abundance isotopes of nitrate, δ15N and δ18O, have been 
used successfully in ecosystem studies to help partition the sources of nitrate in 
leachate from soils (Eliott et al. 2007; Templer and McCann 2010; Kaushal et al. 
2011). The δ18O isotope of nitrate has significantly different values for 
atmospheric and biological sources. When combined with the δ15N isotope of 
nitrate, in a two end-member mixing model, we can partition the sources of 
nitrate in the ecosystem losses of nitrogen (Kendall et al. 2007; Elliott et al. 
2007). Using similar isotope analysis, Templer and McCann (2010) found that the 
N losses in Arnold Arboretum (Boston, MA) were predominantly from nitrification 
while the N losses in the rural Harvard Forest (Petersham, MA) were mainly 
attributable to atmospheric inputs. Building upon this earlier work, I use similar 
methods to quantify the N inputs and the sources of N losses at the 9 sites along 
a Boston urban-to-rural gradient. Such information provides valuable information 
for identifying the degree and extent of N saturation in urbanizing areas and 
could inform policies to regulate and minimize sources of N pollution. 
1.4. Socioeconomic variables and vegetation biomass 
Plant diversity is an important indicator of overall ecosystem biodiversity and is a 
function of both species richness and abundance (Luck et al. 2009). Measures 
such as distance from urban core and population density have been used to 
explain patterns of biodiversity (Blair 1999; Germaine and Wakeling 2001). 
However, it is increasingly recognized that in urban ecosystems, plant diversity 
depends not only on resource availability but also on human actions and 
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modifications (Chesson 2000; Kinzig et al. 2005). Thus, the underlying social and 
cultural setting can strongly define the quantity, species composition and 
arrangement of urban plants (Whitney and Adams 1980).   
Studies have identified current and historical land use patterns, median family 
income and housing age as drivers of urban biodiversity in Phoenix, Arizona 
(Hope et al. 2003; Kinzig et al. 2005). Gavier-Pizarro et al. (2010) found that 
invasive exotic plant richness in New England was equally or more strongly 
related to housing variables (area of wildland-urban interface, low-density 
residential areas, type of housing unit etc.) than to human (mean income, roads 
etc.) or environmental (topography, forest cover etc.) variables.   
Knowledge of urban plant diversity and its drivers is essential for landscape to 
regional conservation and GIS provides a powerful tool to integrate ecological 
and socio-economic patterns and determine how their spatial structures relate to 
each other (Grove et al. 2006b). In Chapter 4, I use GIS to combine field 
measurements of urban vegetation characteristics from 139 plots with census 
data, forest land owner surveys, and remote sensing to explore patterns of plant 
biodiversity and biomass and their drivers along the urbanization gradient in 
Boston area.   
This thesis addresses several important issues surrounding urbanization impacts 
on ecosystems using a combination of field and laboratory measurements, 
remote sensing, GIS analysis, and social survey data. Chapters 2 and 3 are 
presented as self-contained scientific papers. Chapter 2 is currently in press in 
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Urban Ecosystems (Rao et al. 2013a). Chapter 3 is currently in press in an urban 
special issue of Biogeochemistry (Rao et al., 2013b). Chapter 4 is in preparation 
for submission. The research presented in this thesis was the product of a highly 
collaborative environment and the extensive efforts of many different people. 
This work was supported by several grants, particularly NSF BCS-1211802, NSF 
DEB-0948857, NSF DEB-1149471, and the Deland Award from the Arnold 
Arboretum. 
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Chapter 2 - Field and remotely sensed measures of soil and vegetation 
carbon and nitrogen across an urbanization gradient in the Boston 
Metropolitan Area 
Rao P, Hutyra LR, Raciti SM, Finzi AC (2013) Field and remotely sensed 
measures of soil and vegetation carbon and nitrogen across an urbanization 
gradient in the Boston Metropolitan Area. Urban Ecosystems: 1-24, in press 
(DOI: 10.1007/s11252-013-291-6).  
 
Abstract Understanding the impact of urbanization on terrestrial biogeochemistry 
is critical for addressing society's grand challenge of global environmental 
change. We used field observations and remotely sensed data to quantify the 
effects of urbanization on vegetation and soils across a 100-km urbanization 
gradient extending from Boston to Harvard Forest and Worcester, MA. At the 
field-plot scale, the normalized difference vegetation index (NDVI) was positively 
correlated with aboveground biomass (AGB) and foliar nitrogen (N) content and 
negatively correlated with impervious surface fraction. Unlike previous studies, 
we found no significant relationship between NDVI or impervious surface area 
(ISA) fraction and foliar N concentration. Patterns in foliar N appeared to be 
driven more strongly by changes in species composition rather than phenotypic 
plasticity across the urbanization gradient. For forest and non-residential 
development, soil nitrogen content increased with urban intensity.  In contrast, 
residential land had consistently high soil N content across the gradient of 
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urbanization. When field observations were scaled-up to the Boston Metropolitan 
Statistical Area (MSA), we found that soil and vegetation N content were 
negatively correlated with ISA fraction, an indicator of urban intensity. Our results 
demonstrated the importance of accounting for the influence of impervious 
surfaces when scaling field data across urban ecosystems. The combination of 
field data with remote sensing holds promise for disentangling the complex 
interactions that drive biogeochemical cycling in urbanizing landscapes. 
Empirical data that accurately characterize variations in urban biogeochemistry 
are critical to gain a mechanistic understanding of urban ecosystem function and 
to guide policy makers and planners in developing ecologically sensitive 
development strategies.  
2.1. Introduction 
Urban ecological research is rapidly increasing in importance because of the 
growing impact of urbanization on the natural environment (Grimm et al. 2008a). 
Urban areas have large ecological footprints (Rees 1992) and their effects on 
local climate (Zhang et al. 2004a), aquatic ecosystems (Nixon and Fulweiler 
2011), the atmosphere (Pataki et al. 2009), energy and material flows (Kennedy 
et al. 2011) and biogeochemical cycling (Kaye et al. 2006) can reach far beyond 
their physical boundaries (Grimm et al. 2008a; Pickett et al. 2011). It has been 
estimated that cities are responsible for 71% of energy-related CO2 emissions, a 
figure that is expected to rise to 76% by 2030 as a result of continued 
urbanization (EIA 2008). Urban areas are also key sources of reactive 
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atmospheric nitrogen and experience enhanced deposition from the by-products 
of fossil fuel combustion (Lovett et al. 2000; Bettez 2009; Templer and McCann 
2010). More than 50% of the world population lives in urban areas (WUP 2011), 
where biogeochemical cycles are influenced by complex interactions between 
biophysical, technical, and socioeconomic systems (Kaye et al. 2006, Kennedy et 
al. 2011).  
Urban ecosystems have received increasing scientific scrutiny in recent years, 
but many questions about urban biogeochemistry remain unanswered due to 
complex, often contradictory influences of urbanization on the terrestrial C and N 
cycles. In regions where closed-canopy forest is the dominant native vegetation, 
urban development can lead to large decreases in aboveground biomass and net 
primary productivity (Hutyra et al. 2011a). However, in arid and semi-arid 
regions, urbanization can have the opposite impact on primary productivity. Kaye 
and colleagues (2005) found that aboveground net primary productivity (NPP) in 
the Denver, CO area was four to five times greater in urban land-uses than in 
natural grasslands. A study by Imhoff and colleagues (2004), which combined 
satellite data with a terrestrial carbon model, found that urbanization may lead to 
increased NPP in “resource limited” regions, but decrease in other areas.  
Urban areas receive higher rates of atmospheric N deposition (Lovett et al. 2000; 
Bettez et al. 2009; Templer and McCann 2010) and fertilizer N inputs (Law et al. 
2004) than rural areas, but it is unclear to what extent these N inputs lead to 
systematic changes in canopy N concentrations across urban-to-rural gradients. 
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Evidence from several studies suggests that higher N deposition may result in 
increased foliar N concentration in hardwood and coniferous forests (Nihlgard 
1985; McNulty et al. 1991; Boggs et al. 2005; Fang et al. 2011), however, 
changes in species composition may complicate our ability to resolve these 
patterns across urban-to-rural gradients. Plants can also vary in their foliar C:N 
ratios and their sensitivity to N deposition rates across species and diverse 
environmental conditions (Aber et al. 2003; Finzi 2009). Furthermore, plants can 
alter local biogeochemistry, resulting in differences in soil and foliar C and N 
concentrations and ratios (Finzi et al. 1998; Lovett et al. 2002). 
Remote sensing has proven to be a useful tool to detect variations in canopy 
nitrogen concentrations and hence, map primary productivity at landscape to 
regional scales (Schimel et al. 1997; Reich et al. 1999; Ollinger and Smith 2005). 
The instrumentation available for these types of analyses have different tradeoffs 
in availability, cost of acquisition, revisit frequency, spectral range, and spatial 
resolution.  Imaging spectroscopy data have been used to estimate canopy 
chemistry (Wessman et al. 1988; Kokaly and Clark 1999; Curran et al. 2001; 
Martin et al. 2008) and net primary productivity (Matson et al. 1994; Smith et al. 
2002; Ollinger et al. 2005) in different ecosystems, but are limited by their high 
cost and restricted flight paths. In contrast, freely available multispectral data 
from the Moderate Resolution Imaging Spectroradiometer (MODIS) and Landsat 
satellites are spatially and temporally rich, with global coverage and daily to 16-
day return intervals, but have lower spectral resolution. Despite this limited 
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spectral resolution, Landsat-based multispectral vegetation indexes have been 
shown to significantly capture the variation in foliar nitrogen (Potter et al. 2007; 
Ollinger et al. 2008) and net primary production (Running et al. 2004; Hollinger et 
al. 2009) at regional to continental scales.   
In addition to aboveground impacts, urbanization also influences soil 
biogeochemistry. Urban development is associated with physical changes to the 
landscape, such as increased impervious surface area (Elvidge et al. 2007) and 
the replacement of natural vegetation with lawns (Milesi et al. 2005), which can 
positively or negatively alter soil C and N stocks and fluxes (Imhoff et al. 2004; 
Kaye et al. 2006). Soil studies in Baltimore, MD (Raciti et al. 2011a), Colorado 
(Kaye et al. 2005; Golubiewski 2006), Oakland, CA (Pouyat et al. 2006), and 
Chicago, IL (Pouyat et al. 2006) have shown that urban land-uses may have 
higher soil C stocks than the native ecosystems they replace. Conversely, in 
regions where native soil pools are richer in carbon, such as Boston, MA (Pouyat 
et al. 2006; Raciti et al. 2012a) and Syracuse, NY (Pouyat et al. 2006), urban 
land-uses may have similar or lower soil C stocks. The aforementioned studies 
examined soils from pervious areas; however, a recent study of the soils beneath 
impervious surfaces found that C and N losses from these areas may offset 
sequestration in other parts of the urban landscape (Raciti et al. 2012b), which 
further complicates these patterns.  
While we often conceptualize and categorize areas as urban or rural, there is a 
continuum in the interactions between the anthropogenic and natural variables 
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across the landscape (McDonnell and Pickett 1990; Stewart 2007). Urbanization 
gradients can capture this continuum and provide a conceptual framework for 
understanding anthropogenic effects on basic ecological processes (Pouyat et al. 
1995; McDonnell et al. 1997; Idso et al. 2001; Gregg et al. 2003). Quantifying 
such gradients with measures that capture the variability in urbanization patterns 
(McIntyre et al. 2000; Luck and Wu 2002; Hahs and McDonnell 2006) could allow 
for inter-comparison between urban ecological studies. Some of the common 
metrics used to represent urbanization intensity are distance from urban core 
(Lovett et al. 2000; Hutyra et al. 2011b; Berland 2012), impervious surface area 
fraction (Raciti et al. 2012a, Berland 2012), land use (Pouyat et al. 1995; Blair 
1996), and landscape fragmentation metrics (Zhang et al. 2004b; Hahs and 
McDonnell 2006). Inherent differences and complexities arising from variations 
across biomes, land use history (Foster 1992), and urban development patterns 
(Seto et al. 2011), suggest that there may not be a single standard set of metrics 
for quantifying different urbanization gradients (McIntyre et al. 2000). 
Nonetheless, the challenge in unifying various urban ecological studies rests 
upon clear characterization of the degree of ‘urbanness’ and potentially the 
reporting of a standard set of urbanization metrics (Hahs and McDonnell 2006).  
In this study, we used field data from 139 plots to analyze the effects of 
urbanization on foliar and soil C and N, and vegetation across a 100 km 
urbanization gradient extending westward from Boston, Massachusetts. In 
addition, we paired the field measurements with remotely sensed data from 
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Landsat to test our ability to scale up plot-level aboveground variables to the 
landscape-level (Boston Metropolitan Statistical Area, MSA). We hypothesized 
that aboveground woody and foliar biomass would decrease with increasing 
impervious surface area (ISA), but that foliar and soil N concentrations would be 
higher in more urbanized areas due to higher local N inputs.  
2.2. Materials and methods 
2.2.1. Study area 
 
Figure 2.1. Map of the study area consisting of 198 adjacent ~1km2 grid boxes 
along the north (98 grid boxes) and south (100 grid boxes) transects. 
Approximately 15 plots per sample class (total 139 plots) were randomly selected 
from within these transect grid boxes for field data collection. The nine sample 
classes based on urbanization intensity and land-use are shown as the map 
background.  
In this study we used a stratified-random sampling approach and remotely 
sensed data to quantify the influence of urbanization and land-use on ecosystem 
characteristics. We collected data on aboveground vegetation biomass, foliar and 
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soil C and N content, and examined relationships between these ecosystem 
variables, urbanization intensity metrics and Landsat NDVI.   
Approximately 20% of the US population lives in the large megalopolis extending 
from Washington, DC to Boston, MA. The Boston MSA, with a population of 4.4 
million people, is the 10th most populous metropolitan area in the United States 
(Census 2010). Our study area extended from coastal Boston, MA westward for 
100 km and included transitions from urban to rural areas (Figure 2.1). Within this 
portion of eastern Massachusetts, historical land-use patterns and a complex 
environmental east-to-west gradient arising from variation in physiography, 
geology and climate have significantly influenced the vegetation composition and 
structure (Hall et al. 2002; Foster et al. 2010).  
By 1850, forest cover in Massachusetts declined to 35% because of extensive 
clearing of forested land for agriculture in the late eighteenth century. 
Subsequently, as the local economy transitioned from agriculture to industry, the 
forest cover steadily increased to 85% by 1950. Since then, urbanization, 
particularly residential and commercial development, has been the major cause 
for a slow but gradual reduction in forest cover to 63% (FIA 2005; Foster et al. 
2010).  
The current dominant vegetation type in this region is mixed temperate forests 
mainly comprising oak (Quercus spp.), maple (Acer spp.), birch (Betula spp.), 
ash (Fraxinus spp.), pine (Pinus spp.), and eastern hemlock (Tsuga Canadensis; 
FIA 2005). At the time of European settlement, chestnut (Castanea dentata) was 
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also a locally important species, but the chestnut blight has nearly removed its 
presence from the landscape. The soils are mostly acidic with glacial origins 
(USDA NRCS 2009) and metamorphic bedrock is common, particularly in the 
Boston MSA (Hall et al. 2002). The Boston region experiences a temperate 
climate with hot summers (mean daily temperature of 23.3 ° C), cold winters 
(mean daily temperature of -1.5 ° C) and mean annual precipitation of 105.4 cm 
yr-1 spread uniformly across the entire year (NCDC 2011). 
2.2.2. Field data  
The sampling strategy and field data collection protocols for estimating 
aboveground vegetation biomass and soil chemistry have been described in 
detail in Raciti et al. (2012a). Here, we summarize these protocols for biomass 
and soil chemistry and describe the data collection and analysis for foliar 
chemistry. 
2.2.2.1. Sampling design 
We laid out two 100-km transects extending westward from Boston: first, a north 
transect from Boston to the Harvard Forest long-term ecological research site 
(Petersham, MA), and second, a south transect from Boston to Worcester, MA 
(Figure 2.1). Linear transects were used to maximize the number of field sample 
plots while minimizing the amount of travel time between plot locations. This 
study design also allowed us to compare results from traditional distance-based 
urbanization metrics (e.g. distance from urban core) with distance-independent 
measures of urbanization (e.g. impervious surface area fraction in the 1 km2 
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neighborhood around each study plot). Both transects originated in downtown 
Boston (71.04W, 42.35N), extended westward on bearings of 284o and 262o, 
respectively, and then eastward along the same bearings until reaching the 
coast. The two transects together consisted of 198 adjacent, ~1 km2 (990 m x 
990 m) grid boxes. Stratified random sampling was carried out within these grid 
boxes by 3 land-use classes and 3 urban classes (9 sample classes in total; 
Table 2.1). The three land-use classes were forest, residential, and other-
developed (commercial, industrial, and developed open space), based on the 
2005 Massachusetts Geographic Information System (MassGIS) land-use/ land 
cover data layer (described in GIS and Remote Sensing Data). We defined an 
urban intensity class for each ~1 km2 transect grid box based on two urbanization 
measures: ISA fraction and population density (see Gradient Characteristics). 
The three urban classes were high population density urban (ISA > 0.25 and 
population density > 2500 persons km-2), low population density urban (ISA > 
0.25 and population density < 2500 persons km-2), and non-urban (ISA <0.25) 
hereafter referred to as high-urban, low-urban, and non-urban (Table 2.1). For 
reference, the US Census delineates ‘core’ urban areas using a similar 
population density threshold of 2590 persons km-2 (1000 persons mi-2). We 
identified the threshold for separating urban (ISA ≥ 0.25) from non-urban (ISA < 
0.25) classes based on the steep drop in ISA when crossing the Interstate-95 
corridor around Boston. This threshold defined what we considered to be the 
urban core of the Boston MSA (Raciti et al. 2012a).  
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Table 2.1. The nine sample classes and transect area within each class. These 
classes were defined based on urbanization intensity and land-use. We obtained 
land-use information from the Massachusetts land-use/land cover dataset. The 
three land-use classes were defined by merging different classes from the 
Massachusetts land-use dataset (see Online Resource 1). Other-developed 
class consisted of non-residential, developed urban spaces.  
We randomly selected 139 sample plots (approximately 15 plots for each of the 
nine sample classes) and surveyed these for vegetation composition, 
aboveground biomass, and C and N chemistry of foliage and soil (Raciti et al. 
2012a). We obtained prior permissions from property owners of private and 
governmental land holdings and avoided creating a publically accessible 
sampling bias by maintaining the public-private land fraction present in the 
original random draw. All field measurements were made during the 2010 
growing season (June-August). In the analysis stage, we reclassified the sample 
Urbanization intensity 
Land use 
   Forest          Residential       Other Dev.                
(Area in hectares) 
High-urban (High ISA & High 
Population)  
ISA>25%, Population Density>2500 
persons/km2 
49 
 
1,064 
 
1,048 
 
Low-urban (High ISA & Low 
Population) 
ISA>25%, Population density<2500  
persons/km2 
358 
 
938 
 
848 
 
Non-urban (Low ISA & Low Population) 
ISA<25%, Population density<2500  
persons/km2 
8,248 
 
2,328 
 
630 
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plots based on the ISA and population density of the 1 km2 area around each plot 
(rather than the original grid-box). Through this process, a few plots were re-
categorized into a different sample class.  
2.2.2.2. Data collection 
Each sample plot was circular with a 15 m radius (707.14 m2) and was 
comparable in size to a Landsat pixel (900 m2). Within each of the 139 plots, we 
collected information on plot characteristics such as land-use, canopy cover, tree 
species composition, and live and dead tree biomass (see Raciti et al. 2012a for 
a detailed description). We measured the diameter at breast height (DBH; 1.37 
m) of all trees with DBH greater than 5 cm and used species-specific allometric 
equations to estimate total live biomass and foliar biomass (see Data Analysis).   
A shotgun is commonly used for collecting foliar samples from different levels of 
the canopy (Martin et al. 2008). Since a majority of our sample plots belonged to 
residential and other-developed land-use types, we collected leaf samples using 
a 5 m tall pole pruner rather than a shotgun. Consequently, foliage was collected 
from the lower and middle, but mostly sunlit, sections of the canopy for the 
dominant species present in each plot. We collected five to six leaves from 
different individuals of the same species, composited them into a single plot 
sample, dried these samples in the laboratory at 60 ° C for 2-3 days, and stored 
them for subsequent laboratory analysis.  
To determine the soil chemistry, we collected two representative soil samples to 
a depth of 10 cm from each plot. Soils were sampled to capture the dominant, 
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pervious land covers within each plot. For instance, if the plot consisted of 
driveway, lawn and a considerable area of bare ground, one soil core was 
extracted from the lawn and another from the bare ground. Due to logistical 
constraints associated with sampling on public and private lands, we were only 
able to sample and measure soil characteristics within pervious areas, values 
from Raciti et al (2012b) were used to explore the influence of soils under 
impervious surfaces. Intact soil cores were brought back to the laboratory and 
refrigerated at 4 o C until they could be processed and analyzed for soil moisture, 
bulk density, and total C and N content (see Laboratory Analysis).   
2.2.2.3. Laboratory analysis 
The dried leaf samples were ground and homogenized with a mortar and pestle. 
We weighed the intact 10 cm deep soil cores, sieved them to remove rocks, 
coarse roots, and organic material greater than 2 mm in size, and then 
homogenized the soil samples. Samples were then dried at 60 ° C (until no 
further change in mass was detectable) and ground into a fine powder with a 
mortar and pestle. Finally, we loaded subsamples of the homogenized leaf and 
soil material (2-3 mg and 20 mg, respectively) into 9 x 5 mm tin capsules, placed 
in sealed microtiter plates, and analyzed for total C and N content by flash-
combustion/oxidation using a Thermo Finnigan Flash EA 1112 elemental 
analyzer (0.06 % C and 0.01 % N detection limits). Samples with known 
concentrations of C and N were included for every twelve of our samples to 
confirm the accuracy of the estimates.  
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2.2.3. GIS and remote sensing data 
The following two datasets were downloaded from the MassGIS website: (i) 
Land-use/ land cover vector layer based on 0.5 m digital ortho-images from April 
2005 (http://www.mass.gov/mgis/lus2005 .htm), and (ii) Impervious surface area 
(ISA) raster layer with a spatial resolution of 1 m, derived from 2005 near infrared 
ortho-imagery (http://www.mass.gov/mgis/impervious_surface.htm). We created 
a population density map using a dasymetric population interpolation method 
(Langford 2007) whereby we excluded non-habitable areas, such as water 
bodies and wetlands, and then spatially allocated population to only the 
residential land cover classes in a census block (Raciti et al. 2012a). The Rogan 
et al. (2010) Landsat-based vegetation and land cover dataset was used to 
estimate the proportion of conifer, deciduous and mixed vegetation in the 198 
transect grid boxes. 
To estimate greenness metrics we downloaded and processed Landsat data 
covering our transect area (path 12, row 31) for four dates (June 19, July 5, 
August 14 and 30, 2010), which overlapped with the period of field data 
collection. We applied atmospheric (Masek et al. 2006) and cloud (Zhu and 
Woodcock 2012) corrections to the Landsat data and computed the surface 
reflectance. For each of the 198 transect grid boxes and 139 sampled plots, we 
computed NDVI, EVI and extracted NIR (0.75 - 0.90 µm) reflectance values and 
used their growing season maximum for our analyses. Given that NDVI, EVI, and 
NIR were found to be highly correlated and NDVI showed the strongest statistical 
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relationships, only the NDVI relationships were reported here.  The sample plot, 
being a circular plot of 30 m diameter, was slightly smaller in area than a 30 m 
Landsat pixel. To accurately extract the corresponding Landsat reflectance 
values for the sample plots, we resampled the Landsat data to 3 m and then 
estimated the average of all the 3 m pixels falling within the plot boundary. Since 
the 198 transect grid boxes were 1 x 1 km and matched the 1 km spatial 
resolution of the MODIS products of Gross Primary Productivity (GPP) and Leaf 
Area Index (LAI), we also downloaded these MODIS products and estimated 
their 2010 growing season averages for our analysis. 
2.2.4. Data analysis 
Distance from urban core, ISA fraction, and population density are commonly 
used metrics of urbanization (McDonnell and Hahs 2008). We compared the 
suitability of these three metrics for characterizing patterns of development in 
both the north and south transects of our study area. We found that ISA fraction 
was the most appropriate metric for urbanization in our study area and used it in 
our analyses (see Raciti et al. 2012a for a more detailed discussion). 
For each sample plot, we estimated aboveground woody and foliar biomass, and 
soil and foliar C and N content (g m-2) and concentration (%).  Foliar biomass 
was estimated using species-specific allometric equations (Tritton and Hornbeck 
1982; Ter-Mikaelian and Korzukhin 1997; Jenkins 2004). In the absence of 
species-specific equations, genus-level or general hardwood (Harris et al. 1973) 
or conifer (Sollins et al. 1973) equations were applied. Foliar N concentrations for 
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the most abundant tree species (red oak, red maple, sugar maple) were 
estimated from the mean N concentrations that we measured in leaf samples for 
those species within a given urban class. Since we had fewer leaf samples from 
species other than red oak, red maple and sugar maple, we grouped them into 
hardwood and conifer categories. We calculated foliar N content for each sample 
plot by multiplying species-specific total foliar biomass and the mean leaf N 
concentration, again using the hardwood and conifer classes for the less 
common species. We used the following equation to calculate both soil C and N 
content (or density at 10 cm depth). 
 = 1 − 
                                  1 
where W is soil C content, δ2mm is the fraction of material larger than 2 mm 
diameter, BD is bulk density, Mf is the fraction by mass of total C, and V is the 
volume of the soil core (Post et al. 1982). We estimated bulk density of the soil 
samples by dividing its dry weight by volume (g cm-3). 
The aboveground and belowground plot-level estimates of C and N content and 
concentration were scaled to the transect grid boxes by applying the means from 
the nine sample classes (Table 2.1) to their respective land areas. The following 
equation was used to determine all four transect grid (TG) scale estimates of C 
and N content and concentration for each of the 198 grid boxes. 
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where Ni is the corresponding plot-scale mean value and Ai is the area of each 
sample class 'i' in the transect grid box. We scaled the soil C and N estimates in 
two ways. First, we assumed that the soils beneath impervious surfaces were 
similar in composition to those in the pervious areas of our plots (henceforth 
referred to as all-pervious estimates). Next, we accounted for the altered 
composition of the soils under impervious surfaces by applying the C and N 
estimates from Raciti et al. (2012b) to the impervious area of each transect grid 
box. Raciti et al. (2012b) found that the soils under impervious surfaces in New 
York City had 66% and 95% lower C and N concentrations, respectively, than the 
soils in nearby pervious areas. We applied those values to the soil under 
impervious surfaces in each of the 1 km2 transect grid boxes to arrive at 
impervious-adjusted estimates of soil C and N content and concentration. The 
purpose of this analysis was to compare the sensitivity of our scaling results to a 
range of potential assumptions. The all-pervious estimates represent an extreme 
case that will likely overestimate soil C and N stocks, particularly in highly 
urbanized areas. 
We analyzed our field variables at two different scales: plot (~707 m2) and 
transect grid (~1 km2). Using ISA as the urbanization metric, we examined the 
relationships between the ecosystem variables and urbanization and investigated 
the relationship of Landsat NDVI with aboveground biomass, foliar N content and 
concentration. In addition, we also explored whether MODIS GPP and LAI could 
be used to characterize the urbanization gradient.  
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Due to the non-normal data distributions, a bootstrapping method was used to 
determine the 95% confidence intervals (CI) of different ecosystem variables for 
the nine sample classes (Efron and Tibshirani 1993). We used non-linear least 
square to estimate the relationships between different variables, with the non-
linear power function having the following form: y = axb. Goodness of fit on the 
non-linear curves was assessed with a pseudo-R2 based on the residual sum of 
squares for our regressions (1-SSreg/SStot). The R software package, version 
2.12.2, was used for statistical analysis. Unless noted otherwise, all 
parenthetically reported values are 95% CI.   
2.3. Results 
2.3.1. Gradient characteristics 
ISA and population density varied with distance from the Boston urban core 
along the two transects with both metrics declining rapidly within the first 20 km 
from the urban core (Figure 2.2a, b). Although these two metrics of urbanization 
were highly correlated (R2 = 0.76, p<0.001), ISA declined more gradually with 
distance from the urban core and showed more sensitivity than population 
density away from the urban core. Hence, we chose ISA as the metric for 
analysis of the urbanization gradient. For sample plot stratification, we used a 
combination of ISA and population density to differentiate between the high-
urban and low-urban classes (see Sampling Design). 
The two sample transects captured different urban-to-rural transitions; the north 
transect quickly transitioned from urban Boston to mostly non-urban areas and 
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small towns and the south transect showed a more varied urban transition, 
following the Interstate 90 and Route 9 transportation corridors, and passing 
through secondary urban centers in Framingham and Worcester. The north 
transect contained 98 grid boxes (Figure 2.1), covering a total area of 96 km2; 21 
grid boxes had a mean ISA fraction greater than 0.25. ISA fraction decreased 
with distance (traveling westward) from downtown Boston with the highest values 
observed in downtown Boston and the lowest values near the Harvard Forest. 
The south transect had 100 grid boxes (Figure 2.1) covering a total area of 98 
km2. Of these 100 grid boxes, 33 had an ISA fraction greater than 0.25 with the 
highest values observed in the cities of Boston, Worcester, and Framingham. 
mixed) in the transect grid boxes are shown here for the (c) north and (d) south 
transects. 
The three dominant land-use types across the study area were mixed forest, 
deciduous forest and low-density residential which together covered nearly 66% 
of the total area along each transect. The north transect had more mixed forest 
(41% compared to 25% in S transect; Figure 2.2c, d), whereas the south transect 
had more low-density residential (22% compared to 8% in N transect). Both 
transects had the same proportion of deciduous forest (~17%; Online resource 
1). The other vegetated land-use types (coniferous forest, pasture row crop, 
orchard and grassland) together covered approximately 10% of the total area of 
each transect. The remaining area (~25%) in each transect was covered by 
landuse types such as high-density residential, commercial and bare ground.  
28 
 
 
 
Figure 2.2. Urbanization metrics, distance from urban core, impervious surface 
area (ISA) fraction and population density for the (a) north and (b) south 
transects. In the south transect, the peaks at 30 and 60 km from the Boston 
urban core represent the towns of Framingham and Worcester, MA. The 
proportions of the three major vegetation types (deciduous, coniferous and 
mixed) in the transect grid boxes are shown here for the (c) north and (d) south 
transects. 
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2.3.2. Aboveground ecosystem variations 
Plot-level total aboveground biomass (AGB) was 42% lower in high-urban 
(4.0±3.4 kgCm-2) compared to non-urban classes (6.8±3.4 kg C m-2; Table 2.2) 
and decreased exponentially from low to high ISA (R2=0.43, p<0.001, Figure 
2.3a). Plot foliar biomass decreased consistently from non-urban to urban areas 
for each of the three sampled land-use classes (forest, residential, and other-
developed). Across both transects, the mean foliar biomass of forest (278.6±50.5 
g C m-2) was 3.5 times greater than residential (79.4±27.4 g C m-2) and 6 times 
greater than other-developed (45.5±22.5 g C m-2; Table 2.2). Differences in foliar 
biomass amongst the three sampled land-use classes were larger in high-urban 
areas than in non-urban areas. 
Foliar biomass in the “forest” class was 16-, 6- and 5-fold higher than that in the 
“other-developed” class in high-urban, low-urban and non-urban settings, 
respectively (Table 2.2).  The species-weighted average plot foliar N content, 
estimated from plot foliar biomass and leaf foliar N concentration, decreased 
significantly from non-urban to high-urban areas (R2=0.47, p <0.001; Figure 
2.3b). This decrease in foliar N content was consistent across each of the three 
land-use classes. The plot foliar C:N ratio decreased from non-urban forest 
(27.00±2.49) to high-urban forest (20.75±1.88) and from non-urban other-
developed (26.38±1.89) to high-urban other-developed (21.40±0.40). The 
difference between high- and non-urban residential land-uses was not 
statistically significant. 
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Plot 
Variable 
High-urban Low-urban Non-urban 
Forest 
(n=9) 
Resid. 
(n=16) 
Oth 
Dev. 
(n=15) 
Forest 
(n=19) 
Resid. 
(n=13) 
Oth. 
Dev. 
(n=19) 
Forest 
(n=16) 
Resid. 
(n=17) 
Oth. 
Dev. 
(n=15) 
Above 
ground 
biomass 
(kgC m-2) 
9.46 
(7.88) 
1.85 
(1.67) 
0.57  
(0.69) 
10.57  
(2.76) 
4.12  
(1.62) 
1.53 
(1.24) 
12.36 
(2.14) 
5.20 
(2.33) 
2.78 
(2.07) 
Foliar 
Biomass 
(gC m-2) 
155.47 
(78.03) 
34.28 
(33.62) 
10.85 
(12.96) 
240.62 
(56.57) 
88.06 
(39.02) 
42.00 
(30.64) 
388.39 
(83.92) 
114.31 
(55.51) 
79.82 
(60.92) 
Foliar N 
content 
(gN m-2) 
6.90  
(2.46) 
2.73  
(1.33) 
1.76  
(0.59) 
9.73 
(2.57) 
3.46  
(1.10) 
2.75 
(0.56) 
13.02 
(2.76) 
6.11 
(1.97) 
5.84 
(2.07) 
Foliar 
%N 
2.15 
(0.31) 
2.08 
(0.10) 
2.31 
(0.05) 
2.04 
(0.18) 
1.81 
(0.25) 
1.83 
(0.17) 
1.81 
(0.17) 
2.10  
(0.11) 
1.90 
(0.14) 
Foliar 
C:N ratio 
20.75 
(1.88) 
23.24 
(1.15) 
21.40 
(0.40) 
23.05 
(1.57) 
28.05       
(3.12) 
28.82 
(2.52) 
27.00 
(2.49) 
23.90 
(1.82) 
26.38 
(1.89) 
Soil C 
content 
(kgC m-2) 
4.24         
(0.69) 
4.45 
(0.24) 
4.02 
(0.37) 
3.99 
(0.66) 
3.72 
(0.58) 
3.33 
(0.58) 
4.29 
(0.81) 
4.02 
(0.95) 
2.83 
(0.47) 
Soil N 
content 
(gN m-2) 
236.15 
(28.48) 
237.39 
(9.43) 
264.71 
(36.53) 
214.33 
(31.59) 
248.76 
(32.07) 
214.34 
(37.90) 
203.75 
(34.84) 
240.44 
(23.82) 
180.25 
(21.28) 
Soil %N 
0.30 
(0.04) 
0.28 
(0.02) 
0.28 
(0.04) 
0.42 
(0.10) 
0.29 
(0.07) 
0.22 
(0.04) 
0.35 
(0.05) 
0.34 
(0.06) 
0.31 
(0.10) 
Soil C:N 
ratio 
17.95 
(3.34) 
18.88 
(0.92) 
16.00 
(2.78) 
18.48 
(2.19) 
14.86 
(1.17) 
15.75 
(3.12) 
21.90 
(1.90) 
16.94 
(3.11) 
16.83 
(2.64) 
Table 2.2. Plot-scale foliar and soil characteristics for the nine sample classes. 
The number of plots, mean values and 95% CI for each sample class are given 
here. Note that biomass and foliar chemistry values were averaged for the entire 
plot area, while soil values are based on only the pervious portions of the field 
plots.  
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Foliar N concentration was significantly higher in red oak (2.36±0.09 %N), sugar 
maple (2.09±0.14 %N) and other-hardwood (2.32±0.11 %N) than red maple 
(1.80±0.09 %N) and conifer (1.37±0.17 %N; Table 2.3). Foliar N concentration of 
these three species and the two categories (other-hardwood, conifer) showed a 
tendency for lower values in non-urban than high-urban areas. However, the 
difference in foliar N concentration due to urban class was statistically significant 
only for conifers. The three species also showed a higher variability in foliar N 
concentration in high-urban than non-urban areas (Table 2.3).  
The species-weighted average plot foliar N concentration did not show any 
significant trend with ISA (p=0.57, Figure 2.3c) though high-urban plots 
(2.18±0.15 %N) had higher foliar N concentration than low-urban (1.89±0.20 %N) 
and non-urban plots (1.94±0.14 %N) (Table 2.2). Plot foliar N concentration was 
19-22% higher in high-urban forests and other-developed land-use types than in 
the corresponding non-urban land-use types, but the differences were not 
statistically significant (Table 2.2). 
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Figure 2.3. Relationship between ISA fraction and field measurements of (a) plot 
aboveground biomass (kg C m-2), (b) species-weighted average plot foliar N 
content (g N m-2), and (c) species-weighted average plot foliar N concentration 
(percent). The urban class of each sample plot is based on the urbanization 
metrics, ISA fraction and population density at 90m scale. 
Species or category 
High-urban Low-urban Non-urban 
Foliar %N (95% CI) 
Red oak 2.42 (0.13) 2.46 (0.07) 2.26 (0.10) 
Red maple 1.74 (0.14) 1.84 (0.10) 1.78 (0.08) 
Sugar maple 2.06 (0.24) 2.15 (0.09) 2.01 (0.10) 
Other-hardwood 2.46 (0.14) 2.31 (0.10) 2.27 (0.13) 
Conifer 1.58 (0.13) 1.37 (0.08) 1.30 (0.13) 
Table 2.3. Mean foliar N concentration with 95% CI (in parenthesis) of the three 
major species and two species-categories. We grouped all tree species other 
than red oak, red maple and sugar maple under other-hardwood and conifer 
categories.   
Compared to Landsat EVI and the NIR reflectance band, NDVI explained the 
most variability in aboveground variables, and was highly correlated with 
measures of vegetation biomass and foliar N content. The mean NDVI for the 
forest, residential and other-developed land-uses along the gradient was 
0.79±0.04, 0.64±0.05 and 0.51±0.06, respectively. For each of these three land-
uses, NDVI consistently increased from high- to low- to non-urban. At the plot 
scale, Landsat NDVI showed negative linear correlation with ISA (R2=0.66, p 
<0.001; Figure 2.4a) and positive, non-linear correlation with AGB (R2=0.47, 
p<0.001; Figure 2.4b). NDVI correlated positively and non-linearly with foliar N 
content (R2=0.39, p<0.001; Figure 2.4c), but there was no significant correlation 
between NDVI and foliar N concentration (p<0.52; Figure 2.4d). In addition to 
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Landsat NDVI, we also examined the relationships between MODIS LAI and 
GPP with our aboveground field variables. LAI and GPP showed decreasing 
trends with increasing ISA fraction. However, these trends could not be analyzed 
across the entire gradient since urban areas (ISA fraction greater than 0.25) are 
masked out of most MODIS products.   
2.3.3. Soil chemistry 
Plot-level soil chemistry was measured in pervious areas only (i.e. lawn, garden, 
bare soil, and forest floor; Table 2.2). Soil C content increased from non-urban 
residential (4.02±1.0 to 4.45±0.2 kg C m-2) and other-developed (2.83±0.5 to 
4.02±0.4 kg C m-2) classes to their high-urban counterparts and remained 
consistent across non-urban forest to high-urban forest (4.29±0.8 to 4.24±0.7 kg 
C m-2; Table 2.2). Soil N content increased consistently for forest and other-
developed classes from non-urban to low-urban to high-urban classes. For 
residential areas, the soil N content remained high throughout the gradient and 
did not show any significant change across the urban classes (Table 2.2). Soil 
C:N ratio decreased from non-urban to high-urban forest (21.9±1.9 to 18.0±3.3), 
while it increased from non-urban to high-urban residential (16.9±3.1 to 18.9±0.9) 
and remained consistent across the three urban classes of other-developed land-
use type. In contrast to the observed trend in soil N content, soil N concentration 
decreased in the three land-use classes from non-urban to low-urban to high-
urban areas, inversely following the measured patterns in soil bulk density (Raciti 
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et al. 2012a). Plot-scale soil C and N content and N concentration did not show 
any significant trends with increasing ISA fraction.  
 
Figure 2.4. Plot-scale relationships between growing season mean Landsat 
NDVI and (a) ISA fraction, (b) Aboveground biomass (kg C m-2), (c) foliar N 
content, and (d) foliar N concentration. The curves in (b) and (c) show nonlinear 
least square fit of power function to the data.  
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2.3.4. Ecosystem characteristics at the transect grid scale 
Scaling up of the aboveground and belowground plot-level variables to the 
transect grid scale, weighted by the nine sample classes (Table 2.1), allowed us 
to explore neighborhood influences and resulted in some different spatial trends 
than those observed at the individual plot-level. As the ISA fraction increased, 
transect scale foliar N content decreased exponentially from 13.1 to 2.1 g N m-2 
(R2 = 0.80, p < 0.001; Figure 2.5a), showing a trend similar to that of the plot 
scale (R2 = 0.47, p < 0.001; Figure 2.3b). Foliar N concentration showed a 
significant positive correlation with the ISA fraction when scaled up to the 
transect grid scale. It increased from 1.8 to 2.2% with an increase in ISA (R2 = 
0.66, p < 0.001; data not shown) unlike the plot-level results (p=0.57, Figure 
2.3c).  
 
Figure 2.5. Transect grid scale relationship between foliar N content and (a) ISA 
fraction, (b) all-pervious estimates of soil N content, and (c) impervious-adjusted 
estimates of soil N content. The urban class of each transect grid box is defined 
by its ISA fraction and population density. The all-pervious estimates are based 
on the assumption that the soil chemistry beneath impervious surfaces was 
similar to that in the pervious areas of our plots. The impervious-adjusted 
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estimates accounted for the altered composition of soils under impervious 
surfaces. 
In the case of soils, all-pervious estimates of soil N concentration (0.25 to 0.35 
%N) and N content (195.8 to 256.0 g N m-2) were considerably higher than the 
impervious-adjusted estimates at the transect grid scale. However, both these 
estimates for soil N concentration showed similar trends with an increase in ISA. 
The all-pervious estimates of soil N concentration showed a significant decrease 
(R2 = 0.71, p < 0.001) and soil N content showed a significant increase (R2 = 
0.70, p < 0.001) with an increase in ISA fraction, in contrast to the statistically 
weak trends at plot scale. Impervious-adjusted estimates of soil N concentration 
decreased from 0.35 to 0.01% with increasing ISA fraction, and was lower in 
urban areas because of the extremely low values of soil N concentration 
(0.0057% for 10 cm depth) under impervious surfaces. Earlier results reported by 
Raciti et al. (2012a) for soil C and N content did not account for the C and N 
concentrations under impervious surfaces; and hence showed higher soil C and 
N content in urban areas. However, estimation of the differences in soil chemistry 
under impervious surfaces (see Raciti et al. 2012b) resulted in significantly 
decreasing soil C (4.3 to 1.6 kg C m-2) and N content (211.0 to 12.9 g N m-2) with 
increasing urbanization; broadly similar to approximations based on clean fill 
under impervious surfaces (Pouyat et al. 2006; Raciti et al. 2012a).  
These differences between all-pervious and impervious-adjusted estimates of 
soil N content are further highlighted in their relationship with foliar N content 
along the gradient. At the transect grid scale, all-pervious soil N content had a 
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negative linear correlation with foliar N content (R2 = 0.85, p < 0.001; Figure 2.5b) 
while impervious-adjusted soil N content had a positive exponential correlation 
with foliar N content (R2 = 0.64, p < 0.001; Figure 2.5c). 
2.4. Discussion 
2.4.1. Urban ecosystem patterns and heterogeneity 
Our field observations of aboveground live biomass and C and N content within 
soils and foliage showed variable relationships with the ISA fraction along our 
urbanization gradient. Urbanized areas are highly heterogeneous, with large 
variations in the intensity of land-use, the spatial organization and distribution of 
different land-uses and covers, species ensembles, land development histories, 
and underlying abiotic structure. The resultant community of people and flora and 
fauna across urbanization gradients is the net product of these variations. 
The strongest observed relationships between biotic and abiotic data at the plot 
scale were in aboveground live biomass across the gradient. As the impervious 
fraction increased and the potential growing space decreased, the observed 
aboveground live biomass also decreased (Figure 2.3a). While this result is 
intuitive, the field observations also revealed differences between individual land-
uses across the gradient (Table 2.2), with a consistent pattern of decreasing 
biomass from non- to low- to high-urban. The land cover, as observed and 
classified through remote sensing, reflects what can be observed from the top-
down, but the development intensity and neighborhood context below the 
vegetation canopy were also strong predictors of the biomass patterns. As 
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reported by Raciti et al. (2012a) the mean aboveground biomass for the 
Massachusetts portion of the Boston MSA was 7.2±0.4 kg C m-2 in 2010, which is 
substantially greater than the 2.3 kg C m-2 reported by Nowak and Crane (2002) 
for the aboveground live urban carbon density in the City of Boston. This 
difference in the ‘Boston’ biomass estimates reflected different definitions of 
urban and ‘Boston’ (Raciti et al. 2012a) and the underlying heterogeneity present 
within different portions of the urban matrix (Table 2.2). Although variable across 
the urbanization gradient, the overall aboveground live biomass for high-, low- 
and non-urban forests (9.5, 10.6 and 12.4 kg C m-2, respectively) was higher 
than the estimated mean biomass for MA timberlands of 8.5 kg C m-2 (FIA 2005). 
Note that 4.4 million people reside within the Boston MSA (Census 2010) and the 
mean impervious fraction of this region is 0.17. 
Patterns in plot-level foliar N concentrations showed only a weakly positive 
relationship with ISA across the low- and high-urban classes (Table 2.2 and 
Figure 2.3c) and there was no significant trend in foliar N concentration in non-
urban areas. These weak or non-existent correlations can be attributed, in part, 
to the variable proportion of hardwood and coniferous species across the study 
area (Figure 2.2c and d). These results are counter to other published studies 
which reported large differences in foliar N concentration or in N cycling rates 
between urban, suburban, and non-urban areas (c.f. White and McDonnell 1988; 
Alfani et al. 2000; Zhu and Carreiro 2004; Fang et al. 2011). For example, Fang 
et al. (2011) reported large differences in foliar N concentration, but also 
40 
 
 
observed very high N deposition (16.2 - 38.2 kg N ha-1 yr-1) along an urbanization 
gradient in southern China. Templer and McCann (2010) found lower deposition 
rates at 14.9±1.7 and 3.6±1.0 kg N ha-1 yr-1 in urban and rural sites, respectively, 
in the Boston area. N cycling rates, which were not directly measured in this 
study, are another key driver of N concentrations in soil and vegetation and may 
explain some of the cross-study variability. While soil bulk density (at the plot 
scale) increased with urbanization across the gradient (Raciti et al. 2012a), soil N 
content and concentration did not show consistent patterns except for an overall 
enhancement in residential land-use (Table 2.2).  
When foliar N content was extrapolated to the grid box scale (~1 km2), we found 
a negative exponential relationship with ISA (Figure 2.5a). This relationship was 
driven largely by decreases in foliar biomass with ISA, rather than by changes in 
foliar N concentration across the gradient. We also observed a strong, but 
negative linear relationship between foliar N concentration and impervious-
adjusted soil N concentration at the grid box scale (R2 = 0.65, p < 0.001; figure 
not shown), which is contrary to studies whose findings did not account for 
impervious area soils (Nikula et al. 2010; Fang et al. 2011). This result 
emphasizes the need to account for all cover types, not just pervious areas, 
when scaling plot-level results to the landscape. The strength of our correlations 
(Figure 2.5a and 2.5c) are partly a result of our method of extrapolation, which 
takes the average soil and foliar N contents from our study transect and applies 
them to their respective land-uses and urbanization classes. 
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The overall patterns in foliar N content and concentration across the gradient 
reflect not only the patterns in ISA and amount of available growing space, but 
also differences in N deposition and loss, changing floral and faunal 
compositions, and underlying edaphic factors. Templer and McCann (2010) 
found 4-5x higher rates of N deposition to a Boston urban forest compared to the 
rural Harvard Forest, but 10x higher rates of N loss through soil leachate at the 
urban forest site. In our study we observed changes in the vegetative species 
composition along the gradient with an increased conifer and mixed vegetation 
fraction in non-urban areas (Figure 2.2c, d); higher foliar N concentrations were 
observed in hardwood species (Table 2.3) and in urban land cover classes 
(Table 2.2). Additional data such as N deposition and loss, past land use history, 
species distribution and edaphic conditions would therefore be required to 
determine the individual and combined influence of these factors on the overall 
spatial patterns of foliar N content and concentration. As a whole, spatial patterns 
in vegetation type and the selected scaling methods were found to strongly 
influence our results and conclusions.   
2.4.2. Challenges in urban scaling and comparability 
Despite the growing importance of urban areas for global biogeochemistry 
(Grimm et al. 2008a), there is a paucity of data on urban biomass and soil and 
foliar chemistry. A number of recent review and synthesis papers have 
highlighted this knowledge gap and summarized the existing observations (Kaye 
et al. 2006; Pataki et al. 2006; Cadenasso et al. 2007; Pickett et al. 2008; Lorenz 
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and Lal 2009; Pickett et al. 2011), but many of the vegetation and soil 
biogeochemistry results have been based on markedly different definitions and 
characterizations of urban (see Raciti et al. 2012a) and have used different 
sampling and scaling methods. Further, some of the heterogeneity observed in 
urban areas is likely due to edaphic and land-use history differences rather than 
urban transformations per se. For example, Lorenz and Lal (2009) compiled a 
global set of existing organic carbon estimates for urban soils to highlight their 
heterogeneity, but the underlying biome differences between the study areas 
have the potential to swamp the urban induced variability.  
Two facets of our analysis highlight the sensitivity of cross-site comparisons to 
differences in urban definition and scaling methodology: the treatment of 
impervious land areas and the way that sample class or vegetation type can be 
used for scaling from field plot to landscape. Estimates of soil C and N content 
were highly sensitive to whether or not adjustments for soils under impervious 
surface areas were included (Pouyat et al. 2006; Raciti et al. 2012a; Raciti et al. 
2012b). In the case of soils, scaling beyond the plot or pervious surface area 
typically necessitates adjustments for the commonly unsampled areas below 
impervious layers since surface soil horizons may be removed during the paving 
process (Jim 1998) and labile nutrient pools can be lost through time due to 
continued soil organic matter decomposition in the absence of new organic 
matter inputs (Scalenghe and Marsan 2009). A recent analysis by Raciti et al. 
(2012b) found that the concentrations of C and N in soil beneath impervious 
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surfaces in New York City were 66% and 95% lower, respectively, than in 
adjacent pervious-area soils. While the sampling depth intervals differed, these 
direct measurements of soil chemistry under pavement differed by nearly a factor 
of two from the ‘clean fill’ assumptions applied by others (Pouyat et al. 2006; 
Raciti et al. 2012a). Many analyses of soil C and N content in urban areas have 
focused on pervious area soils, typically resulting in large increases of soil C and 
N content with increasing urbanization due to human amendments (Pouyat et al. 
2002; Golubiewski 2006; Raciti et al. 2011b).  While some studies have tried to 
account for the influence of impervious surfaces on soil C and N pools, proxies 
had to be used for the previously unknown composition of these soils (Pouyat et 
al. 2006, Pouyat et al. 2009, Raciti et al. 2011b). We used the Raciti et al. 
(2012b) New York City results to adjust for the N composition of impervious 
covered soils and found that our conclusions were opposite of those that would 
be drawn from looking at pervious area soils in isolation. Soil N content at the 
transect grid scale declined steeply (211.0 to 12.9 g N m-2; Figure 2.5b) with 
increasing urbanization. On the other hand, all-pervious estimates of soil N 
content increased (195.8 to 256.0 g N m-2; Figure 2.5c) with an increase in 
urbanization. Our simple all-pervious scaling analysis likely over-estimates soil N 
stocks, but highlights the sensitivity of our results to the range of assumptions 
that might be used when scaling urban soils data. Our results show that the 
overall conclusions about regional patterns in soil N content are very sensitive to 
the inclusion of impervious estimates of soil chemistry and to the exact values 
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that are applied; additional field measurements of soil chemistry below 
impervious surfaces are needed to better constrain these estimates. 
The methods and assumptions used for scaling-up foliar chemistry may also 
prove important. In this analysis we explored scaling by sample class based on 
land-use and urban classes; however, spatially explicit information on the 
distribution of tree species or major vegetation types could have provided a more 
direct physical basis for scaling up foliar C and N content and concentration. 
Existing remote sensing products in the study area identify broad vegetation 
classes (hardwood, conifer, mixed forest), but not with great precision. Further, 
these data are available for many forested areas, but not for the other land-use 
types that make up much of the study area. The increasing availability of higher 
resolution remote sensing data and new methods of vegetation spectral analysis 
hold promise for providing this kind of information in the future. While we were 
unable to conduct a scaling analysis using detailed, spatially explicit information 
on vegetation type, the changes in vegetation composition that we observed 
across the study transects (Figure 2.2c and 2.2d) and the large differences we 
measured in foliar chemistry between species and vegetation types (Table 2.3) 
suggest that this would be an important factor to consider in future work. 
2.4.3. Remote sensing for characterizing urbanization gradients 
Remote sensing has been widely applied in urban studies such as mapping land-
use and land cover, mapping urban vegetation, and monitoring urban growth and 
its effects on local climate. Multispectral vegetation indexes have been used 
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successfully to predict foliar nitrogen and net primary productivity at landscape to 
regional scales (Potter et al. 2007; Ollinger et al. 2008), but we are unaware of 
any urban applications. Here, we combined Landsat NDVI with field 
measurements of foliar N content and concentration and aboveground biomass 
to explore whether Landsat data could be used to upscale plot measurements 
along an urbanization gradient. Landsat NDVI correlated well with aboveground 
biomass (Figure 2.4b), foliar biomass (data not shown) and foliar N content 
(Figure 2.4c). NDVI is a measure of greenness and is directly related to foliar 
biomass. Given that foliar biomass exercises a strong control over foliar N 
content, we observed a significant correlation between NDVI and foliar N content.  
To check the robustness of the relationship between NDVI and foliar N content, 
we calibrated a regression model based on one transect and applied those 
parameters to predict foliar N content for the other transect. Predicted N content 
correlated reasonably well with the measured N content along the gradient 
(R2=0.40, p<0.01) showing that Landsat data could potentially aid in empirically 
mapping foliar N content along urbanization gradients. Reliable mapping of foliar 
N content along urbanization gradients may require integration of other variables. 
A more direct physical basis for scaling up plot-specific foliar C and N content 
would be to use spatial data on species composition or major vegetation types, 
along with plot-specific field estimates of foliar C and N content. Tree species 
composition, beyond broad conifer/hardwood/mixed classes, has been 
successfully characterized from remote sensing data in non-urban environments 
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(Martin et al. 1998; Asner et al. 2008; Wolter and Townsend 2010), but 
challenges remain for characterizing vegetation in urban areas. Mixed-pixels 
(Woodcock and Strahler 1987) make it difficult to differentiate between tree 
species or even between forest, shrub, and turfgrass vegetation in spatially 
heterogeneous urban areas (Cadenasso et al. 2007). The move towards higher-
resolution remotely sensed data, paired with intelligent object-oriented 
algorithms, holds promise for better characterizing urban vegetation (O’Neil-
Dunne et al. 2012). 
In addition to Landsat NDVI, we also examined the relationships between MODIS 
LAI, GPP and our aboveground field variables. LAI and GPP showed decreasing 
trends with increasing ISA fraction. However, these trends could not be analyzed 
for the entire gradient since urban areas are masked out from the standard 
MODIS products. The spatial resolution of the MODIS LAI and GPP products is 1 
km and therefore, too coarse to resolve the vegetative processes in 
heterogeneous urban landscapes. Milesi et al. (2003) demonstrated that it could 
be possible to develop 250 m estimates of MODIS LAI and Fractional 
Photosynthetically Active Radiation (FPAR) by using the 250 m MODIS land 
cover as an input to the MOD15 Radiative Transfer algorithm, but such a product 
is currently not available. Fusion of Landsat and MODIS data (Gao et al. 2006) 
could also provide an opportunity to combine the spatial resolution of Landsat 
with the temporal resolution of MODIS. Such a dataset might be used to estimate 
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vegetation indexes, FPAR and GPP for characterizing heterogeneous urban 
landscapes and also, for monitoring temporal changes in productivity.  
2.5. Conclusions & implications 
Urbanization has been shown to have diverse effects on the biogeochemistry of 
vegetation and soils and is a fundamental driver of current and future global 
change. Urbanization alters biogeochemical cycling through increased 
atmospheric N deposition (Templer and McCann 2010), higher temperatures 
(Zhang et al. 2004a), longer growing seasons (Piao et al. 2008), greater 
concentrations of ozone (Gregg et al. 2003) and CO2 (George et al. 2007), 
altered hydrological flow paths (Kaushal and Belt 2012), and human 
management activities that directly alter species composition, disturbance 
regimes, and water and nutrient availability (Pickett et al. 2011). Urban areas are 
rapidly expanding, the combination of field data with remote sensing holds 
promise for helping us detect and understand the complex interactions that drive 
biogeochemical cycling in urbanizing landscapes. Canopy nitrogen concentration 
is an important proxy for key ecosystem processes such as N cycling and 
primary productivity at landscape to regional scales (Schimel et al. 1997; Smith 
et al. 2002). The ability to remotely sense canopy N concentration across urban 
to rural gradients could provide new insights about the dynamic interplay 
between environmental change and ecosystem processes in urbanizing 
landscapes. In this study we found that NDVI, a remotely sensed index of 
vegetation, was positively correlated with foliar N content, but not N 
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concentration. Hence, future work might address additional explanatory 
parameters, such as N deposition, to better predict foliar N at the landscape 
scale. Impervious surface area fraction, an index of urbanization intensity (Raciti 
et al. 2012a), was inversely correlated with biomass, foliar N content, and soil C 
and N contents.  For soils, in particular, our results demonstrated the importance 
of accounting for impervious surfaces (Raciti et al. 2012a and b) when scaling 
field data across urban ecosystems. Unlike previous studies, we did not find a 
strong relationship between urbanization and foliar N concentration. Foliar N 
concentration appeared to be driven more strongly by changes in species 
composition across the urban-to-rural gradient, rather than the phenotypic 
changes that might result from increased N inputs. These findings suggest that 
the influence of urbanization on the environment may be masked or muted by 
natural variation in soils, vegetation, and climate.     
The process of urban development and redevelopment is complex and does not 
have a predefined trajectory or end point. Inherent edaphic, climatic, and 
biological variations become intertwined with social, cultural, and economic 
drivers of development to produce diverse urban environments that evolve over 
time and space. Within and across urban areas the abiotic growing conditions 
and biotic compositions can differ markedly from those of natural systems 
resulting in a unique urban biogeochemistry (Kaye et al. 2006). The dearth of 
ecological data about urban and urbanizing areas is, in part, a byproduct of the 
perception that urban ecosystems have limited ecological value because they are 
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heavily modified by humans and are relatively small in size. However, urban 
areas are rapidly growing in spatial extent and the ecology of cities is becoming 
more pertinent to people’s lives. Empirical data that accurately characterize 
variations in urban biogeochemistry are critical to gain a mechanistic 
understanding of urban ecosystem function and to guide policy makers and 
planners in developing ecologically sensitive development strategies.  
Acknowledgements This research was financially supported by the National 
Science Foundation and US Forest Service Urban Long Term Research Area 
Exploratory Awards (ULTRA-Ex) program (DEB-0948857), a National Science 
Foundation CAREER award (DEB-1149471), and Boston University. We are 
grateful to Marc-Andre Giasson for his help with sample preparation and 
instrumental analysis; and Max Brondfield and Byungman Yoon for their 
assistance in field data collection.  
  
50 
 
 
2.6. Online resources 
Land Use/ Land 
cover 
N-transect           S-transect 
(Percent of total area) 
Mixed Forest 41.44 25.40 
Deciduous Forest 18.53 16.85 
Low Density Resid. 7.59 22.06 
High Density Resid. 6.40 4.03 
Commercial 5.88 4.92 
Wetland 4.76 3.77 
Coniferous Forest 3.78 2.50 
Pasture Row Crop 2.04 5.37 
Orchard 1.96 1.84 
Salt Marsh 1.64 1.27 
Water 1.59 4.39 
Bare Soil 1.54 3.28 
Grassland 1.53 1.90 
Golf Course 0.57 1.52 
Sand Quarry 0.43 0.52 
Cranberry Bog 0.25 0.32 
Sea 0.08 0.07 
Online resource 2.1. Percent of total transect area in different land-use 
categories in the two transects. The north transect had a total area of 96 km2 and 
the south transect a total area of 98km2. These land-use categories were merged 
to form the three land-use classes, forest, residential and other-developed, used 
in this study. 
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% foliar biomass  High-urban Low-urban Non-urban 
Red oak 18.33 25.78 19.21 
Red maple 47.20 28.19 36.41 
Sugar maple 15.33 8.49 8.20 
Other-hardwood 16.32 16.98 10.94 
Conifer 2.82 20.55 25.24 
Online resource 2.2. Percent foliar biomass for each species or species-
category in the three urban classes. The species- or category-specific foliar 
biomass was estimated as percent of the total plot foliar biomass.  
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Chapter 3 - Atmospheric nitrogen inputs and losses along an urbanization 
gradient from Boston to Harvard Forest, MA 
Rao P, Hutyra LR, Raciti SM, Templer PH (2013b) Atmospheric nitrogen inputs 
and losses along an urbanization gradient from Boston to Harvard Forest, MA. 
Special issue, Biogeochemistry, in press.  
 
Abstract Urbanization alters nitrogen (N) cycling, but the spatiotemporal 
distribution and impact of these alterations on ecosystems are not well-
quantified. We measured atmospheric inorganic N inputs and soil leaching losses 
along an urbanization gradient from Boston, MA to the Harvard Forest in 
Petersham, MA. Atmospheric N inputs at urban sites (12.3 ± 1.5 kg N ha-1 yr-1) 
were significantly greater than non-urban (5.7 ± 0.5 kg N ha-1 yr-1) sites with 
NH4+ (median value of 77 ± 4 %) contributing thrice as much as NO3-. Proximity 
to urban core correlated positively with NH4+ (R2 = 0.57, p = 0.02) and total 
inorganic N inputs (R2 = 0.61, p = 0.01); on-road CO2 emissions correlated 
positively with NO3- inputs (R2 = 0.74, p = 0.003). Inorganic N leaching rates 
correlated positively with atmospheric N input rates (R2 = 0.61, p = 0.01), but did 
not differ significantly between urban and non-urban sites (p > 0.05). Our 
empirical measurements of atmospheric N inputs are greater for urban areas and 
less for rural areas compared to modeled regional estimates of N deposition. A 
significant proportion (17 - 100 %) of NO3- leached from four of the nine sites 
came directly from the atmosphere, indicating that these sites may be 
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experiencing N saturation. In contrast, five of the sites had NO3- leached that 
came almost entirely from nitrification, indicating that the NO3- in leachate came 
from biological processes rather than directly passing through. This study 
improves our understanding of atmospheric N deposition and leaching in urban 
ecosystems, and highlights the need to incorporate urbanization effects in N 
deposition models. 
3.1. Introduction 
Nitrogen (N) is often a limiting nutrient in temperate ecosystems (LeBauer and 
Treseder 2008); however, human activities have significantly altered N cycling 
within and around urban areas (Vitousek et al. 1997; Driscoll et al. 2003; Kaye et 
al. 2006). The geographical concentration of activities such as transportation 
(Fenn et al. 2003; Davidson et al. 2010), food and energy consumption 
(Galloway et al. 2003; Driscoll et al. 2003), land use change (Raciti et al 2011) 
and lawn management (Groffman and Pouyat 2009) make urban areas a major 
source of reactive, gaseous forms of N (NOx and NH3; Vitousek et al. 1997). 
Intensification of anthropogenic activities and rapid increases in urban and 
agricultural areas have contributed to the exponential rise in reactive N emissions 
globally since industrialization (Galloway et al. 2003). By the year 2030, the world 
urban population is expected to increase to 5 billion people (UN 2012), with a 1.2 
million km2 increase in urban area extent (Seto et al. 2012). If these trends 
continue, atmospheric N emissions from urban areas and atmospheric deposition 
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within and around urban areas will likely continue to rise rapidly (Vitousek et al. 
1997).  
Atmospheric N deposition often alters the canopy and soil chemistry of terrestrial 
ecosystems and influences the storage and cycling of carbon (C; Boggs et al. 
2005; Fang et al. 2011a). Enhanced N deposition can result in increased rates of 
nitrification and mineralization in soil (Pouyat and Turechek 2001; Aber et al. 
2003; Boggs et al. 2005), higher forest floor N concentrations and soil N content 
(Boggs et al. 2005; Fang et al. 2011a), and greater uptake of N by plants (Aber et 
al. 2003; McNeil et al. 2007). Some tree species that experience greater N 
availability from atmospheric deposition accumulate more N in their foliage and 
have greater rates of productivity (Thomas et al. 2009). However, stimulated 
rates of primary productivity can be offset by greater exposure to tropospheric 
ozone, which is produced in part due to elevated NOx concentrations in the 
troposphere (Reich 1987). Nitrogen from atmospheric deposition that exceeds 
biological demand or storage on soil exchange sites can leave terrestrial 
ecosystems through leaching into nearby waterways (Friedland et al. 1991, Dise 
and Wright 1995; Aber et al. 2003) or as gaseous emissions of N2O, NO and N2. 
While some studies have shown that N losses can be greater within urban than 
non-urban areas (Groffman et al. 2004; Templer and McCann 2010; Fang et al. 
2011), it is often not known what proportion of leached NO3- comes directly from 
atmospheric deposition and canopy throughfall vs. nitrification. It is possible that 
in urban areas where atmospheric N inputs are likely to be greater, both plant 
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and microbial demand for N could be reduced and therefore a greater proportion 
of N could be lost from the forest due to a ‘saturation’ of biotic demand. In this 
case, the predominant source of NO3- leached from high N input sites would be 
directly from atmospheric deposition (and not biologically processed via 
nitrification), which could be a symptom that these sites have reached N 
saturation. 
Two national monitoring networks in the United States, the National Atmospheric 
Deposition Program (NADP) National Trends Network (NTN) and the Clean Air 
Status and Trends Network (CASTNET), provide continuous, long-term data on 
wet and dry N deposition, respectively. However, measurement stations for these 
monitoring networks are intentionally located away from urban areas and point 
sources of pollution in order to capture regional trends (NADP 2012; CASTNET 
2012). The U.S. Environmental Protection Agency (EPA) monitors "criteria 
pollutants" including NOx in urban areas, however, it only measures N emissions 
and not deposition (EPA 2011). Models have been used to spatially predict 
estimates of N deposition between established deposition collectors, but these 
models may under-estimate rates of N deposition in areas with local sources of N 
emissions and often do not account for heterogeneity of the landscape between 
collectors (Weathers et al. 2006). ClimCalc is one such spatially explicit model 
that uses measurements of wet and dry deposition in combination with estimates 
of precipitation volume and deposition velocities to predict rates of atmospheric 
deposition across the northeastern United States (Ollinger et al. 1993).  
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Although some studies have measured rates of N deposition within urban areas, 
many of these treat the landscape as an urban-rural dichotomy (e.g., Groffman et 
al. 2004; Templer and McCann 2010). In order to understand the effects of the 
gradual transformation between urban and rural areas, we took advantage of an 
urbanization gradient (similar to Lovett et al. 2000; Raciti et al. 2012) that begins 
in the city of Boston, MA. This enabled us to better capture N inputs, 
transformations and outputs across a gradient of human activity. In this study, we 
used measurements of inorganic N inputs and leachate from nine sites located 
along an urban-to-rural gradient in the Boston region to understand the dynamics 
of N fluxes across this spatially heterogeneous area. First, we quantified rates of 
inorganic N inputs from the atmosphere and N losses via leaching along the 
gradient. Second, we analyzed the relationships between inorganic N fluxes and 
metrics representing the intensity of urbanization. Third, we assessed the effects 
of inorganic N inputs on foliar and soil N concentrations. Finally, we examined 
the sources of NO3- in soil leachate by examining natural abundance stable 
isotopic composition of atmospheric N inputs and leachate. We hypothesized the 
following:   
1. Inorganic N input rates are higher in urban areas than in non-urban areas 
of the Boston region and are positively correlated to measures of 
urbanization intensity such as proximity to urban core, impervious surface 
area (ISA) fraction, and on-road CO2 emissions. 
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2. Rates of measured atmospheric N deposition within the urban area are 
under-estimated by regional scale models such as ClimCalc (Ollinger et 
al. 1993) because they do not include any measurements of potential 
hotspots of N deposition in urban areas. 
3. Foliar and soil N concentrations are positively correlated to rates of 
inorganic N inputs. 
4. Urban areas have greater N losses than non-urban areas and this 
enhanced leaching in urban areas is attributable more to enhanced 
atmospheric N inputs than to stimulated rates of nitrification. 
3.2. Materials and methods 
3.2.1. Study area and sampling design 
This study took advantage of an urban-to-rural gradient that begins in Boston, 
MA and extends 100 km westward (Figure 3.1). This region experiences a 
temperate climate with mean annual summer and winter temperatures of 23.3 
and -1.5 °C, respectively, and mean annual precipitation of 105 cm yr-1 spread 
uniformly across the year (National Climatic Data Center 2009). The soils are 
mostly acidic with glacial origins (USDA NRCS 2009) and metamorphic bedrock 
is common (Hall et al. 2002). The dominant vegetation type in this region is 
mixed temperate forest mainly comprising oak (Quercus spp.), maple (Acer 
spp.), birch (Betula spp.), ash (Fraxinus spp.), pine (Pinus spp.), and eastern 
hemlock (Tsuga Canadensis; Forest Inventory and Analysis 2005). Since 1950, 
urbanization, particularly residential and commercial development, has been the 
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major cause for a slow but gradual reduction in forest cover from 85% to 63% of 
the total land area of Massachusetts (Forest Inventory and Analysis 2005). 
 
Figure 3.1. Two sampling transects along an urbanization gradient from Boston, 
MA westward to Harvard Forest (to the north) and Worcester (to the south). Nine 
sampling sites for atmospheric N inputs and losses are indicated with green 
squares. Sampling sites for vegetation and soil chemistry (Raciti et al. 2012) are 
indicated with green triangles 
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Site with 
urban class 
Land use Elevation (m), 
Slope (°), Aspect 
Tree species N Input 
(kg N 
ha-1yr-1) 
N losses 
(µg N 
g resin-1yr-
1) 
Boston  
(low-urban) 
Low density 
residential  
9m, 6.7°, east Dominated by tree of 
heaven (Ailanthus 
altissima), some sumac 
(Rhus coriaria), cherry 
(Prunus spp.) and elm 
(Ulmus spp.) Understory 
of stinging nettle (Urtica 
dioica), Japanese 
knotweed (Fallopia 
japonica) and vines. 
14.79 ± 
3.48 
2335.4 ± 
700.32 
Brookline  
(high-urban) 
High 
density 
residential 
18m, 3.5°, 
northeast 
Red maple (Acer rubrum) 
and Norway maple (Acer 
platanoides) 
9.82 ± 
1.49 
278.14 ± 
123.88 
Fitchburg  
(non-urban) 
Low density 
residential  
179m, 2.0°, east Dominated by Acer 
rubrum and red oak 
(Quercus rubra) with 
white pine (Pinus strobus) 
in understory 
5.02 ± 
0.53 
1618.81 ± 
640.19 
Framingham  
(non-urban) 
Low density 
residential  
72m, 1.7°, north Large-crowned dogwood 
(Cornus mas) tree on 
raised planter 
8.39 ± 
1.18 
2318.48 ± 
965.26 
Harvard 
(non-urban) 
Deciduous 
forest 
98m, 3.3°, east Dominated by sugar 
maple (Acer saccarum), 
witch hazel (Hamamelis 
spp.), one large dead ash 
(Fraxinus spp.) with no 
branches 
6.13 ± 
0.54 
855.99 ± 
552.72 
Harvard Forest 
(non-urban) 
 
Mixed 
forest 
334m, 9.4°, 
southwest 
Dominated by Acer 
rubrum and Quercus 
rubra 
3.71 ± 
0.65 
7.99 ± 3.93 
Newton  
(low-urban) 
Low density 
residential  
41m, 2.2°, east Quercus spp. with grey 
birch (Betula populifolia) 
as understory 
8.8 ± 
1.65 
209.57 ± 
188.64 
Waltham  
(high-urban) 
Low density 
residential  
58m, 5.8°, south Quercus rubra, Fraxinus 
spp. and Acer platanoides 
with Prunus spp. in the 
understory 
17.33 ± 
2.68 
5467.9 ± 
3635.46 
Worcester  
(non-urban) 
Deciduous 
forest 
144m, 6.2°, east Dominated by Acer spp., 
some Quercus spp., few 
clumps of paper birch 
(Betula papyrifera) 
5.01 ± 
0.31 
424.08 ± 
313.74 
Table 3.1. Description of the nine sites where we measured atmospheric N 
inputs and leaching losses. The urban and land use classes were defined for a 
neighborhood of 1km2 for each site. 
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We made use of two 100-km urban-to-rural transects established to examine the 
effects of urbanization on ecosystem C and N dynamics (see Raciti et al. 2012 
and Rao et al. in revision for experimental details). The northern transect extends 
from Boston to Harvard Forest Long Term Ecological Research site (LTER) in 
Petersham, MA, and the southern transect extends from Boston to Mass 
Audubon's Broad Meadow Brook Wildlife Sanctuary in Worcester, MA (Figure 
3.1).  
We established nine study sites along these transects (Figure 3.1; Table 3.1) for 
measuring atmospheric N inputs, leaching losses, natural abundance 
composition of NO3- in leachate, and C and N concentrations of vegetation 
foliage and soil. We delineated ~1 km2 (990m x 990m) grid boxes around each 
site and defined an urban intensity class for each grid box based on two common 
urbanization measures: ISA fraction and population density (MassGIS 2010). The 
three urban classes include high population density urban (ISA ≥ 0.25 and 
population density ≥ 2500 persons km-2), low population density urban (ISA ≥ 
0.25 and population density < 2500 persons km-2), and non-urban (ISA < 0.25 
and population density < 2500 persons km-2); hereafter referred to as high-urban, 
low-urban, and non-urban, respectively. Of the nine sites, Waltham (WA) and 
Brookline (BR) were characterized as high-urban, Newton (NE) and Arnold 
Arboretum, Boston (BO) as low-urban, and Harvard (HA), Fitchburg 
(FI),Framingham (FR), Worcester (WO) and Harvard Forest (HF) as non-urban  
(Figure 3.2; Table 3.1). We grouped the high- and low-urban classes into a single 
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er  
Figure 3.2. The nine sample sites for atmospheric N inputs and loss 
measurements, arranged in increasing order of proximity to the urban core of 
Boston; (a) to (i). Each image shows 1 x 1 km area centered on the sampling site 
indicated by the yellow marker. 
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urban category for statistical analyses because of their small sample size (n = 2 
for each class). We chose these site locations to span the gradient, to account 
for the heterogeneity of urban ecosystems in this region, and to minimize 
potential tampering and disturbance of the samplers. 
3.2.2. Sample collection 
We used mixed ion exchange resin (Simkin et al. 2004; Templer and McCann 
2010) to measure rates of atmospheric N inputs to the forest floor from May to 
October 2011. We measured throughfall N beneath the canopy because it has 
been shown to be a reasonable surrogate for total atmospheric deposition (wet, 
dry, and cloud; Lindberg and Lovett 1992). At each of the nine sites, we set up 
three throughfall collectors at the maximum possible distance from one another 
(minimum of 1 m apart) to account for canopy heterogeneity at each site. Each 
collector consisted of a 20 cm diameter funnel attached to a 20 ml disposable 
chromatography column and set on top of a PVC pipe so that collectors were 
each 1.5 m aboveground. The 20 ml disposable chromatography columns were 
packed with Dowex Monosphere MR-3 UPW mixed ion exchange resin and had 
a 30 µm pore-size filter at the bottom of each resin column. Poly wool was placed 
at the neck of the funnel to prevent debris from entering the resin column.  The 
funnel collected rainwater and canopy throughfall and channeled it through the 
resin column where charged N compounds (specifically NO2-, NO3- and NH4+) 
from the throughfall were adsorbed to the resin. To prevent saturation of the resin 
beads, we replaced the resin columns every 6 weeks during May-October 2011 
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(Online Resource 1). Thus, for each of the four sampling periods, we prepared 
30 resin columns (n=3 for each of the 9 sites and 3 for blanks).  
We placed mixed ion exchange resin bags in the soil at a depth of 10-15 cm to 
estimate potential N losses in leachate below a majority of the rooting zone. The 
amount of inorganic N adsorbed in the resin is a reliable proxy for the mobility of 
the inorganic N ions in the leachate, and provides a relative index of inorganic N 
leaching from the soil (Giblin et al. 1994). These values of potential N losses in 
leachate will be referred to as leaching hereafter. Within each of the nine sites, 
three resin bags total packed with 10 g of Dowex Monosphere MR-3 UPW mixed 
ion exchange resin were paired with each of the three throughfall collectors. The 
resin bags were left in the field between July and October 2011.   
At each site, we collected two representative soil samples to a depth of 10 cm 
using a 5 cm diameter slide-hammer corer (AMS Equipment Corp., American 
Falls, Idaho). We collected one foliar sample for every dominant tree species 
present at each site (Table 3.1). Each foliar sample was composited from leaves 
collected from the lower and middle sunlit sections of the canopy using a 5 m tall 
pole pruner. For three sites, Boston, Brookline and Newton, we used foliar and 
soil data from field measurements made during the 2010 growing season (Rao et 
al. in revision). For the remaining six sites, we collected foliage and soil during 
the 2012 growing season. We assumed that the temporal variation between 
adjacent years is insignificant compared to the spatial variation among the nine 
sites. 
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3.2.3. Laboratory analyses 
Resin extraction was done within 24 hours of collecting each batch of resin 
columns and resin bags from the nine sites. For resin extraction, we added 50 ml 
of 2M KCl to the 10 g resin beads three times sequentially (a total of 150 ml) and 
filtered with Whatman #1 filter paper. NH4+, NO3- and NO2- concentrations were 
determined on a Lachat QuikChem 8000 flow injection analyzer. We used the 
salicylate method (E10-107-0602-A) for NH4+ concentrations in solution and the 
NO3- 8000 method (E10-107-04-1-C) for determining NO3- and NO2- (hereafter 
NO3-) concentrations in solution (see Templer and McCann 2010 for further 
details). We used an external calibration standard, Environmental Resource 
Associates catalog #505. Samples with concentrations higher than the detection 
limits were diluted with resin extract solution and re-analyzed on the Lachat 
QuikChem 8000 flow injection analyzer. 
The denitrifier method (Casciotti et al. 2002; Templer and Weathers 2011) was 
used to determine the natural abundance isotope composition of NO3- in 
atmospheric input and leachate samples. Specifically, 1 ml of sample extract in 
KCl was incubated for 24 hours with denitrifying Pseudomonas bacteria lacking 
the enzyme responsible for reducing N2O to N2. The denitrification process was 
stopped using 0.5 ml of 12M NaOH. The stable isotope composition of N and 
oxygen in nitrous oxide gas produced by the bacteria was measured on a 
SerCon Cryoprep trace gas concentration system interfaced to a PDZ Europa 
20-20 isotope ratio mass spectrometer (SerCon Ltd., Cheshire, UK) at the 
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University of California Davis Stable Isotope Facility. We used USGS standards 
#32, 34 and 35.  
We dried (at 60 °C), homogenized and analyzed the soil and foliar samples for C 
and N concentrations by flash-combustion/oxidation using a Thermo Finnigan 
Flash EA 1112 elemental analyzer (0.06% C and 0.01% N detection limits; for 
detailed methodology, see Raciti et al. 2012; Rao et al. in revision).  
3.2.4. Nitrogen fluxes and partitioning sources of nitrate 
Total atmospheric N inputs for the 2011 growing season were calculated from the 
sum of NH4+ and NO3- in resin extract solutions. Resin column and resin bag 
samples with sufficient NO3- concentrations (> 0.1 mg N L-1) were selected for 
stable isotope analysis. We estimated the relative contributions of atmospheric 
inputs and nitrification to soil leachate at each of the nine sites using the natural 
abundance isotope composition of NO3- in a two end-member mixing model 
(Pardo et al. 2004; Templer and McCann 2010). Natural abundance δ18O values 
of NO3- differ significantly between NO3- of precipitation and NO3- produced 
microbially during the process of nitrification. Therefore, the δ18O signature of 
NO3- in soil solution or stream water can be measured and, with a two end-
member mixing model, the predominant source of NO3- being leached from a 
terrestrial ecosystem can be determined. The following equation was used to 
partition the sources of NO3- in the soil leachate between atmospheric inputs and 
nitrification.  
% NO3- from atmospheric inputs =   !""#$%&'%(%)*&%!$%$+,&#$%&'%(%)*&%!$- × 100 
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where δ/O1233 is the value of δ/O in soil leachate, δ/O4567 is the value of δ/O 
in atmospheric inputs and δ/O4789:724 is the published value of δ/O for 
nitrification (Kendall et al. 1998; Pardo et al. 2004).  
3.2.5. Spatial analyses 
We used three spatial metrics to characterize the intensity of urbanization at 
each of the nine sites: proximity to urban core, ISA fraction, and on-road CO2 
emissions. ISA fraction and land use data were extracted for the study area from 
Massachusetts statewide datasets derived from 2005 near-infrared ortho-
imagery (0.5-1m spatial resolution; MassGIS 2010). On-road CO2 emissions 
were based on 2010 data from the Boston and Worcester Metropolitan 
Transportation Organizations as described in Brondfield et al. (2012). Following 
previous studies (Raciti et al. 2012; Rao et al. in revision), we estimated the 
urbanization metrics for the 1 km2 area centered at each of the nine sites and 
used these data to regress linearly and non-linearly against the inorganic N flux 
data (see Statistical analyses). We also examined potential relationships 
between atmospheric N inputs and losses, and foliar and soil N concentrations at 
the nine sites.  
We compared our field measurements with modeled estimates of atmospheric N 
deposition (ClimCalc; Ollinger et al. 1993) for the nine sites. The model spatially 
interpolates annual rates of wet and dry deposition of NH4+, NO3- and HNO3 
based on historic regional measurements of precipitation and its ion 
concentrations, and dry deposition of N compounds. These interpolated N 
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deposition rates for the northeastern United States are modeled based on 
latitude, longitude and elevation (including slope and aspect) across space. The 
geographic coordinates of the nine field sites in our study were estimated using a 
Garmin Dakota GPS (Garmin International, Olathe, Kansas, USA). The elevation, 
slope and aspect of each site were determined from the 30 m Shuttle Radar 
Topography Mission (SRTM) Digital Elevation Model. 
3.2.6. Statistical analyses 
The R software package, version 2.12.2, was used for all statistical analyses. We 
grouped high-urban and low-urban sites into a single urban class, and assessed 
whether there was a significant difference between urban and non-urban sites in 
atmospheric inputs and leaching of NH4+, NO3- and total inorganic N. Because 
our data for atmospheric N inputs and leaching were not normally distributed, we 
used the nonparametric bootstrap method (Efron and Tibshirani 1993) to 
empirically estimate the 95% confidence intervals (CI) of the urban and non-
urban class means. We used these 95% CIs to determine whether the means of 
urban and non-urban classes were statistically different from each other. We 
used linear regression to examine the relationships between urbanization metrics 
and atmospheric N inputs and leachate losses. We set an alpha value of 0.05 to 
determine the statistical significance of these relationships. Visual inspection of 
the scatter plots showed the possibility of non-linear relationships in some cases. 
In such cases in addition to estimating a linear relationship, we also applied a 
non-linear power function of the form y = abx. The goodness of fit of the non-
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linear function was assessed with a pseudo-R2 based on the residual sum of 
squares for our regressions (1-SSreg/SStot).  
3.3. Results 
3.3.1. Inorganic N fluxes along the urbanization gradient 
3.3.1.1. Atmospheric N Inputs 
Site-specific total inorganic N inputs ranged from 3.71 ± 0.65 to 17.33 ± 2.68 kg 
N ha-1 yr-1 (Figure 3.3), with NH4+ inputs (2.39 ± 0.48 to 15.20 ± 2.57 kg N ha-1 yr-
1; lowest to highest mean site values) exceeding NO3- inputs (0.30 ± 0.11 to 3.46 
± 2.23 kg N ha-1 yr-1). NH4+ inputs, as a percent of total inorganic N inputs, varied 
from 65% at Harvard site to 97% at Waltham site with a median value of 77 ± 4 
% across the two transects. With an annual rate of total inorganic N inputs of 
14.79 ± 3.48 kg N ha-1 yr-1, the Boston site at the urban end experienced 3-4 
times greater inputs compared to the Worcester (5.01 ± 0.31 kg N ha-1 yr-1) and 
Harvard Forest (3.71 ± 0.65 kg N ha-1 yr-1; Figure 3.3) sites located at the less 
urban, outer ends of the two transects.  
The four urban sites had significantly higher mean rates of atmospheric N inputs 
(9.74 ± 1.20, 2.52 ± 0.58, 12.26 ± 1.48 kg N ha-1 yr-1 for NH4+, NO3- and total 
inorganic N, respectively) than the five non-urban sites (4.51 ± 0.63, 1.19 ± 0.15, 
5.70 ± 0.53 kg N ha-1 yr-1, Online Resource 2). All three urbanization metrics had 
positive relationships with atmospheric N inputs, but not all of these relationships 
were statistically significant (Figure 3.3). Proximity to urban core was positively 
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correlated with NH4+ inputs (R2 = 0.57, p = 0.02) and total inorganic N inputs (R2 
= 0.61, p = 0.01; Figure 3.3a).  
 
Figure 3.3. NH4+, NO3- and total atmospheric inorganic N inputs as a function of 
(a) proximity to urban core of Boston, (b) the impervious surface area (ISA) 
fraction, and (c) road CO2 emissions, based on the 1 km2 area surrounding each 
location for measuring N inputs. Figure 3.3a shows the sites in increasing order 
of proximity to the urban core (Distance along X-axis decreasing from 100 to 0 
km). The urban sites (ISA fraction ≥ 0.25) include WA (Waltham), BR (Brookline), 
NE (Newton) and BO (Arnold Arboretum, Boston) and the non-urban sites (ISA < 
0.25) include HF (Harvard Forest), HA (Harvard), FI (Fitchburg), WO (Worcester) 
and FR (Framingham) 
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There was a significant positive correlation between ISA fraction and total 
inorganic N inputs (R2 = 0.44, p = 0.05, Figure 3.3b; R2=0.47 for nonlinear fit), but 
statistically insignificant trends for the positive relationships with NH4+ (R2=0.36, p 
= 0.09) and NO3- (R2 = 0.42, p = 0.06). Modeled on-road CO2 emissions were 
significantly positively related to NO3- inputs (R2 = 0.74, p = 0.003), but there was 
only a trend for the positive relationships with NH4+ (R2=0.23, p = 0.19) and total 
inorganic N (R2=0.36, p = 0.09, Figure 3.3c) inputs. Road density was positively, 
but not significantly correlated with NH4+, NO3- and total inorganic N inputs (P = 
0.16, 0.10, and 0.11, respectively). 
The measured values of NH4+, NO3- and total inorganic N inputs did not correlate 
well with the corresponding modeled values for N deposition from the ClimCalc 
model (Ollinger et al. 1993; Figure 3.4). Our measured values for NO3- were 
lower and values for NH4+ were greater than those predicted by ClimCalc. 
Measured values for total inorganic N inputs were greater than modeled values 
for urban areas, but lower than modeled values for non-urban areas. ClimCalc 
values for total inorganic N input rates ranged narrowly from 6.70 to 7.89 kg N 
ha-1 yr-1 across the nine sites, but we observed a much wider range (3.71 ± 0.65 
to 17.33 ± 2.68 kg N ha-1 yr-1) in the field measurements (Figure 3.4).  
3.3.1.2. Nitrogen leaching 
The site-specific mean leaching rate for NH4+ and NO3- ranged from 2.01 ± 0.3 to 
497.05 ± 252.32 (Figure 3.5a) and from 4.50 ± 4.50 to 4970.85 ± 3383.14 µg N g 
resin-1 yr-1 (Figure 3.5b), respectively.  
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Figure 3.4. Relationships between measured and modeled NH4+, NO3-, and total 
inorganic N inputs. The modeled values of atmospheric N deposition, from 
ClimCalc, are a function of geographical coordinates, elevation, slope and 
aspect. Diagonal lines indicate 1:1 relationship 
NH4+ leaching was greater than NO3- at three sites (Brookline, Newton and 
Worcester) and varied from 56 to 98 % of total inorganic N leaching at these 
sites. At the remaining six sites, NO3- leaching was greater and varied from 71 to 
97% of total inorganic N leaching. Site-specific mean values of total inorganic N 
loss via leaching ranged from 7.99 ± 3.93 to 5467.9 ± 3635.46 µg N g resin-1 yr-1 
(Figure 3.5c). Although, mean annual NH4+, NO3- and total inorganic N leaching 
rates were 2-fold greater at urban (290.54 ± 78.29, 1951.60 ± 1027.82, 2242.13 
± 1100.04 µg N g resin-1 yr-1, respectively) than at non-urban sites (187.05 ± 
85.43, 858.02 ± 283.79, 1045.07 ± 314.22 µg N g resin-1 yr-1), the differences 
between these two classes were not statistically significant (Online Resource 2).  
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Figure 3.5. (a) NH4+, (b) NO3-, and (c) total inorganic N leaching as a function of 
proximity to the urban core of Boston. Data are means with one standard error. 
With a total leaching rate of 2335.40 ± 700.32 µg N g resin-1 yr-1, the forest site at 
the urban end (Boston) experienced approximately 292 times greater inorganic N 
loss than the Harvard Forest site (7.99 ± 3.93 µg N g resin-1 yr-1) and 5.5 times 
greater than the Worcester site (424.08 ± 313.74 µg N g resin-1 yr-1) at the less 
urban, outer ends of the transects (Figure 3.5c). Along the gradient, none of the 
three urbanization metrics correlated significantly with NH4+, NO3- or total 
inorganic N losses (see Figure 3.5 for proximity to urban core), though there was 
a positive trend for each.    
Total inorganic N inputs were positively correlated with total inorganic N losses 
across the sites (R2=0.61, p = 0.01; Figure 3.6a); however, NH4+ and NO3- inputs 
were not correlated with corresponding losses for each site (p = 0.24 and p = 
0.79 for NH4+ and NO3-, respectively). Soil N (R2 = 0.48, p = 0.04) and C (R2 = 
0.57, p = 0.02) were significantly correlated positively with NH4+ leaching rates, 
and positive but insignificant correlations with NO3- (p = 0.12 and 0.30, 
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respectively) and total inorganic N leaching rates (p = 0.10, Figure 3.6b, and 
0.23, respectively).  
 
Figure 3.6. Relationship between (a) total inorganic N inputs and leaching, and 
(b) soil percent N and total inorganic N leaching at the nine sample sites. Data 
are means with one standard error.  
Soil N and C concentrations showed positive but statistically insignificant 
correlations with NH4+, NO3- and total inorganic N inputs (R2 = 0.19 to 0.39, p = 
0.07 to 0.25).  Foliage C and N concentrations of Acer rubrum, Acer saccharum, 
and Quercus rubra showed insignificant relationships with the corresponding site 
measurements of inorganic N input and leaching rates (R2 = 0.0001 to 0.395, p = 
0.07 to 0.98). 
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3.3.2. Natural abundance isotopes of the inorganic N fluxes 
The site-specific mean δ15N values of NO3- from atmospheric inputs ranged from 
-2.74 to -0.12 ‰, and was not separable from the δ15N values of NO3- from 
leachate which ranged from -7.47 to 2.19 ‰ (Figure 3.7). In contrast, the δ18O 
values of NO3- from atmospheric inputs (57.42 to 69.19 ‰, lowest to highest 
mean site values) were greater than δ18O values of NO3- from leachate (1.73 to 
65.6 ‰; Figure 3.7). The leachate at five sites (both urban and non-urban) had a 
greater proportion of NO3- from nitrification (~80-100%) than from the 
atmosphere (0-20%; Figure 3.8). However, a considerable proportion of NO3- in 
leachate at the urban sites of Newton (~100%), Brookline (17-42%) and non-
urban sites at Worcester (68-77%) and Harvard Forest (25-45%) came from 
atmospheric inputs. 
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Figure 3.7. Natural abundance stable isotope composition for nitrogen and 
oxygen in nitrate of atmospheric inputs and leachate. The shaded area 
represents the range of δ18O and δ15N values for microbially produced NO3- (from 
nitrification; Pardo et al. 2004). 
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Figure 3.8. Percent contribution of nitrate in leachate from atmospheric N input 
and nitrification. For each site, the minimum and maximum values are shown by 
the filled squares. 
3.4. Discussion 
3.4.1. Urbanization and atmospheric N inputs 
The greater atmospheric N inputs to the urban sites are likely due to larger local 
sources of NO3- and NH3 emissions from 1) fossil fuel combustion in vehicles, 
space and water heating systems, electric utilities, and industrial processes; 2) 
volatilization of residential and commercial lawn fertilizer; and 3) inputs of wild 
and domesticated animal waste (Driscoll et al. 2003; Smith et al. 2007).  Nitrogen 
inputs along the urbanization gradient correlated most strongly with proximity to 
urban core and on-road CO2 emissions. Though proximity to urban core is a 
commonly used covariate of N inputs, we found that ISA fraction also correlated 
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well with total inorganic N inputs. Impervious surfaces are associated with fossil 
fuel emissions from vehicles moving on roads, parking lots and driveways (Bettez 
2009; Davidson et al. 2010) and from other stationary sources of inorganic N 
emissions such as industries and power plants. Road density is also used 
frequently as a metric for urbanization intensity. Mobile sources, including on- 
and off-road vehicles, account for 56% of NOx emissions in the US (EPA 2005).  
However, we did not find a significant relationship between road density and 
inorganic N inputs. One potential explanation for the lack of relationship may be 
because road density alone does not capture variations in traffic volume and 
emissions. The modeled on-road CO2 emissions values we used took into 
account not only road type and size, but also traffic volume, and proved to be 
significantly positively correlated with atmospheric NO3- inputs.  
We found that the ClimCalc model did not capture the large variability observed 
in field measurements of NH4+, NO3- and total inorganic N inputs along the 
gradient. Moreover, the model predicted a higher proportion of NO3- than NH4+ 
inputs, which contrasted with our field measurements. The ClimCalc model 
estimates total inorganic N deposition rates for the northeastern United States 
based on NADP and CASTNET measurements made primarily at rural locations, 
and does not account for local urban effects on N deposition. Also, these two 
networks measure deposition in open areas, whereas we measured throughfall 
beneath canopies. While some of the variation we observed may be due to 
within-canopy processing of N, it likely cannot explain the patterns we observed 
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across the urbanization gradient. The results of our study suggest that greater 
sampling of atmospheric N deposition in urban areas needs to be made to 
capture local, urban inputs from gaseous emissions.  
We observed a 2-fold increase in NH4+, NO3- and total inorganic N inputs from 
non-urban to urban sites, analogous to the results from a New York City (NYC) 
urbanization gradient (Lovett et al. 2000). Ammonium inputs comprised a greater 
proportion (77 ± 4%) of the total inorganic N inputs than NO3- for both urban and 
non-urban sites in our study, similar to results of Holland et al. (2005) and Fang 
et al. (2011b). In contrast, Lovett et al. (2000) found that in NYC, NO3- inputs (67 
- 73%) constituted a larger proportion of the total inorganic N inputs than NH4+ 
(27 - 33%). This NO3- dominance is present across the United States, but not in 
Western Europe and China (Ollinger et al. 1993; Holland et al. 2005; Fang et al. 
2011b). The difference in proportions of N forms in the atmospheric N inputs 
between NYC and our study may be due to both spatial and temporal changes in 
gaseous N emissions. It is possible that the greater proportion of NH4+ in the 
atmospheric inputs across our gradient is from the transport of emissions from 
intensive agricultural and livestock activities in the mid-west (Smith et al. 2007). 
Further, the greater proportion of NH4+ in our measurements might also have 
resulted from recent controls on NOx emissions, which reduce NO3- deposition 
but not NH4+ (Pinder et al. 2011). The NYC gradient was measured in 1996, the 
16 years between these studies likely contributes to the observed differences. 
Between 1981-82 and 2010-11, the ratio of atmospheric concentrations of NO3- 
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to NH4+ at the two nearest NADP sites in MA (MA08 and MA13) decreased by 
half from 2.5:1 to 1.2:1. 
3.4.2. N leaching rates 
Contrary to our expectation that urban areas would have greater N losses, we did 
not find a significant relationship between urbanization intensity and rates of N 
leaching, and instead, observed a weak positive trend of increased leaching with 
urbanization (for all three metrics). Compared to rates of atmospheric N inputs, N 
leaching rates in our study area had higher variability between sites. This 
variability may be attributed to site-specific variation in soil characteristics, plant 
and microbial activity, historical land-use, and disturbance patterns. Though all of 
the samplers were located under tree canopy and outside lawn areas, 
differences in the quantities or timing of fertilizer N amendments in the areas 
around these sites could have led to differences in soil N availability, and 
consequently N leaching (Petrovic 1990). Such local factors likely affected N 
leaching to a greater extent than urbanization.   
Though not correlated with urbanization, N leaching rates were significantly 
positively related to total inorganic N input rates, a trend that has been observed 
in other forest ecosystems (Matson et al. 2002; Fang et al. 2011b). For example, 
of 41 ecosystem and soil variables examined, N inputs via throughfall and soil pH 
were the best predictors for N leaching rates for 65 forested catchments across 
Europe (Dise and Wright 1995). Similarly, Fang et al. (2011b) found a strong 
positive correlation between total inorganic N inputs and leaching losses in 50 
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broad-leaf forests across China. Our study demonstrates that the positive 
relationship between total inorganic N inputs and leaching found in forested 
ecosystems may also hold true for urban ecosystems.  
The positive trend between soil N concentration and N leaching suggests that 
higher soil N concentrations might be associated with greater N leaching, but the 
result is not statistically significant (Figure 3.6b). Others have found a relationship 
between N deposition, soil N content, and leaching rates (e.g. Dise and Wright 
1995). There is evidence for greater nitrification rates in soils with higher N 
concentrations (Pouyat and Turechek 2001; Boggs et al. 2005), which would be 
a plausible mechanism for this trend. 
Nitrogen saturation can be indicated by increased NO3- leaching rates or a higher 
proportion of leachate N coming directly from atmospheric sources. From resin 
bag measurements, we observed low NO3- leaching rates at two urban (Brookline 
and Newton) and two non-urban (Harvard Forest and Worcester) sites. However, 
stable isotopic composition of NO3- in leachate at the same four sites showed 
that the bulk of NO3- was coming directly from the atmosphere. This implies that 
these four sites may be N saturated. It is possible that even with low rates of N 
leaching, a significant proportion of N that enters these ecosystems via 
atmospheric deposition is not biologically processed and instead passes directly 
through. Similar to Templer and McCann (2010), these results suggest that 
additional work teasing apart conclusions regarding N saturation, whether it is 
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defined as large magnitude of N losses or a high proportion of NO3- passing 
through directly, needs to be reconciled. 
3.5. Conclusion 
Our study shows that measures of urbanization intensity, such as proximity to 
urban core and on-road CO2 emissions, are positive predictors of atmospheric N 
inputs. However, road density and impervious surface area were not as strongly 
predictive of total atmospheric N inputs. These results suggest that not all 
urbanization metrics are equally powerful in explaining variability in atmospheric 
N input rates, and some metrics are better than others at capturing variability in 
particular reactive N species. The fact that NH4+ constituted nearly 75% of total 
inorganic N inputs across the gradient suggests that future research in urban 
areas should take into account nearby N sources and transport of NH3 
emissions.  
Our results also demonstrate that relationships between N leaching rates and 
landscape-scale factors, such as urbanization intensity and atmospheric N inputs 
are complex, and are strongly mediated by local site factors. We found that N 
leaching rates were not significantly related to urbanization intensity, but were 
significantly correlated with total inorganic N inputs. Similarly, N saturation can 
occur in both urban and non-urban areas without a clear relationship to 
urbanization intensity. These findings indicate that future studies may need to 
control for a greater range of local site factors along urbanization gradients to 
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understand the relative importance of landscape- and site-scale factors in 
determining N leaching rates and N saturation status.  
Existing models of N deposition may underestimate total inorganic N inputs at 
urban sites and overestimate inputs at rural sites. Our research highlights that 
the proportions of NH4+ and NO3- in total inorganic N inputs are spatially and 
temporally variable, and may differ among urban areas. These characteristics 
make the modeling of N deposition in urban areas particularly challenging. 
 Unprecedented urban population growth is expected to impact the areal extent 
and character of the natural components of urban ecosystems (Grimm et al. 
2008b; Seto et al. 2012). This study improves our understanding of N cycling in 
urban ecosystems and highlights the complex relationships between urbanization 
intensity and inorganic N inputs and leaching. Our results demonstrate the need 
for additional measurements to quantify and understand process-level reactive N 
fluxes in and around urban areas.  
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3.6. Online resources 
 
Online resource 3.1. Bar plots representing the different sampling periods of 
resin column measurements of NH4+ and NO3- (mg N m-2 day-1). For each site, 
the four bars represent the consecutive sampling time periods for May-October 
2011. 
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Online resource 3.2. Box-plots showing variations in NH4+ and NO3- 
measurements for (a) atmospheric inputs (kg N ha-2 yr-1) and (b) leaching (µg N g 
resin-1 yr-1) at urban (total 4 sites) and non-urban sites (total 5 sites). Note that 
these box plots indicate median values, whereas values reported in the text are 
mean values + standard error from bootstrapping. 
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Chapter 4 - Socioeconomic predictors of vegetation biomass and forest 
conservation awareness  
4.1. Introduction 
Human development, management, and conservation actions modify 
ecosystems. Knowledge of anthropogenic modifications of ecosystems is 
essential to devise policies for preserving and managing ecosystems and 
integrating them in landscape to regional scale conservation. Metrics such as 
distance from urban core and population density have been used to explain the 
patterns of vegetation biomass and biodiversity along urban to rural gradients 
(Blair 1999; Germaine and Wakeling 2001). These metrics capture the intensity 
and extent of disturbance and land use modification along gradients. However, in 
urban ecosystems, vegetation productivity and diversity depend not only on 
resource availability but also on deliberate human actions and modifications  
(Chesson 2000; Kinzig et al. 2005). Thus, underlying socioeconomic milieu and 
cultural norms can strongly influence the quantity, size, composition, and 
arrangement of urban plant communities (Whitney and Adams 1980; Grimm et al 
2008b). The rapid growth of urban areas makes it increasingly important to 
understand these interactions between socioeconomic and ecological processes. 
A number of socioeconomic factors can affect the characteristics of urban 
vegetation and their relative importance can vary with geographical context 
(Hope et al. 2003; Grove et al. 2006; Luck et al. 2009; Kendal et al. 2012). Grove 
et al. (2006) found that household lifestyle behavior was the best predictor of 
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vegetation cover on private and public rights-of-way (PROWs) in Baltimore, 
Maryland. The authors also found median housing age to be a significant 
explanatory variable until it reaches 40 - 50 years of age, after which it loses its 
predictive power. In the Colorado Metropolitan Area, population density, 
educational attainment and housing age were highly correlated whereas 
economic factors were significantly, but less strongly correlated to vegetation 
intensity (Mennis 2006). Household income was most important in explaining the 
variation in tree cover in both New Orleans, USA (Talarchek 1990) and Chicago, 
USA (Iverson and Cook 2000). In contrast, education attained was a more 
important predictor of vegetation cover than household income across all land 
uses and 'top-down' political factors played a greater role in tree cover than 
individual behaviors in Ballarat, Australia (Kendal et al. 2012).  
Ecological processes and their socioeconomic drivers can also operate at 
different time scales producing lags between causes and effects. Luck et al. 
(2009) observed that relationships between vegetation cover and socioeconomic 
variables such as housing density, education and immigrant population were 
more perceptible in established neighborhoods and that their strengths increased 
over time in 32 neighborhoods of south-eastern Australia. Similarly, in Baltimore, 
Grove et al. (2006) found that resident income and education in 1970 correlated 
most strongly with vegetative patterns in 1990. To sustainably manage urban 
ecosystems, we need a comprehensive understanding of these complex and 
diverse interactions among socioeconomic drivers and their effects on 
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biophysical processes (Pickett et al. 2001; Redman et al. 2004; Alberti and 
Marzluff 2004). Researchers have integrated socioeconomic and remote sensing 
data to measure the quality of life (Li and Weng 2007), model the socio-
demographic and economic drivers of tropical deforestation (Geoghagen et al. 
2001), monitor change in urban land-use/land-cover (Walsh et al. 2001; Lo and 
Yang 2002), and to determine the socioeconomic drivers of vegetation cover 
(Grove et al. 2006; Luck et al. 2009) and tree diversity (Kendal 2012; Hope et al. 
2003).   
In the United States, approximately 11 million family forest owners control 429 
million acres (63 %) of forestland (FIA 2010; Hodgdon et al. 2007). Family forest 
owners are defined as individuals, families, and trusts who own and manage 
between 10 and 999 acres of forestland. The individual decisions of the family 
forest owners ultimately have a cumulative influence on the forested landscape, 
and may lead to increased trends in parcelization (Butler et al. 2008) and 
conversion of private forested properties to other uses (Mondal et al. 2013; Alig 
2007). Landscape fragmentation has considerable implications for the future of 
private forests and has led to a growing body of research that seeks to 
understand and quantify the relationship between socio-demographic 
characteristics and land management decisions of family forest owners. This 
understanding will help increase the effectiveness of conservation programs and 
lead to better management of private forests. Many studies have shown that the 
forest management attitudes and conservation awareness of family forest owners 
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vary with age, education-level, ownership acreage, and enrollment in current use 
tax programs (CUTP; Van Fleet et al. 2012; Finley and Kittredge 2006; Belin et 
al. 2005; Broderick et al. 1994).  
In this study we combine field measurements of aboveground plant biomass from 
139 plots with blockgroup census data, family forest owner surveys, and remote 
sensing observations to explore the coupling between socioeconomic and 
biophysical processes along an urbanization gradient in Boston area. We chose 
blockgroups as the spatial unit of aggregation to capture the socioeconomic 
characteristics and heterogeneity in our study area. We investigate common 
measures of urbanization, such as distance from urban core that capture 
differences in resource availability, as well as variables that can capture 
socioeconomic attributes along the Boston urbanization gradient and within the 
Boston urban core. Building from previous studies, we test the following 
hypotheses using the Boston region as a case study.  
1. Given the high cultural diversity of the cities of Boston and Brookline, race 
and educational-attainment will be significant drivers of urban tree 
biomass (Luck et al. 2009). 
2. Outside the Boston urban core, in the more racially homogenous portions 
of the gradient, household income and metrics of wealth will be the best 
predictors of tree biomass (cf. Mennis 2006). 
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3. Neighborhood age will correlate positively with vegetation biomass 
because younger neighborhoods, in early stages of development, will 
have little or no vegetation. 
4. Educational attainment and household income influence conservation 
awareness of family forest owners (Van Fleet et al. 2012). 
5. Land holding size of forest parcels will correlate positively with the 
conservation awareness index (CAI) scores (Zhao Ma et al. 2012).  
4.2. Materials and Methods  
4.2.1. Study area  
Our study area extended from coastal Boston, MA westward for 100 km and 
included transitions from urban to rural areas. It consisted of two transects: the 
northern one extending from Boston to Harvard Forest Long Term Ecological 
Research site (LTER) in Petersham, MA, and the southern from Boston to 
Worcester, MA (Rao et al. 2013; Raciti et al. 2012). The Boston Metropolitan 
Statistical Area is the 10th most populous metropolitan area in the United States 
(Census 2010) and is in the vicinity of large tracts of forest. In Massachusetts, 
68% of total forestland is owned by family forest owners (FIA 2010). This region 
experiences a temperate climate with mean annual summer and winter 
temperatures of 23.3 and -1.5 °C, respectively, and mean annual precipitation of 
105 cm yr-1 spread uniformly across the year (National Climatic Data Center 
2009).  Within Eastern Massachusetts, historical land-use patterns and a 
complex environmental east-to-west gradient arising from variation in 
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physiography, geology and climate have significantly influenced the vegetation 
composition and structure (Hall et al. 2002; Foster et al. 2010). The current 
dominant vegetation type in this region is mixed temperate forests mainly 
comprising oak (Quercus spp.), maple (Acer spp.), birch (Betula spp.), ash 
(Fraxinus spp.), pine (Pinus spp.), and eastern hemlock (Tsuga Canadensis; FIA 
2005). 
4.2.2. Socioeconomic data 
We used blockgroup level census data from the year 2000 for analyses at the 
scales of neighborhood (section 4.3.1), town (section 4.3.2), and gradient 
(sections 4.3.2, 4.3.3). Quantitative census variables were spatially joined to 
census blockgroups, analyzed within each of Boston's neighborhoods (Boston 
Redevelopment Authority 2011) and also, aggregated to the levels of 
neighborhoods and towns (MassGIS 2007). We investigated variables such as 
population density (persons km-2), percent white population, percent population 
above 25 years of age, percent population with educational-attainment of 
bachelor's degree or more, percent of owner-occupied housing units, annual per 
capita income, and annual aggregate household income to ascertain which of 
these could best capture the spatial variations in aboveground vegetation 
biomass. For the neighborhood level analysis, we used an additional variable, 
percent of housing units built before 1939 to estimate the age of the 
neighborhoods. Census blockgroup was the primary unit of our analysis. We 
assumed that census blockgroup boundaries were more accurate than town and 
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neighborhood boundaries and therefore, retained blockgroup boundaries 
whenever there was a conflict with the other two boundaries.  
4.2.3. Vegetation data  
We used tree biomass and vegetation measurements from 139 field plots along 
the urbanization gradient from a previous study (Rao et al. 2013; Raciti et al. 
2012a). A vegetation biomass map for Massachusetts was created using a 
statistical relationship between live tree biomass measurements from field plots, 
land use (MassGIS 2009; representing 2005 land cover and zoning information), 
and Landsat NDVI. The following empirically derived equation was applied for 
each of the three land-use categories to estimate the tree biomass:  
log10(biomass) = β0+ β1*maxNDVI   .............................................................(i) 
where the β values are land-use specific model fitting parameters. We used three 
land-use categories: forest (β0 = 0.79, β1 = 1.47), residential (β0 = -0.40, β1 = 
2.68), and other-developed (commercial, industrial and developed open space; 
β0 = -0.04, β1 = 1.41). Biomass was log-transformed to meet assumptions of 
normality. Seven mid-summer Landsat scenes from 2009-2011 were used to 
estimate the maximum growing season NDVI. Overall, the NDVI-based biomass 
model was highly significant (p < 0.01) and explained 65% of the observed 
variance in biomass across the Boston urban-to-rural gradient. Using this NDVI-
based land-use specific biomass map, we estimated vegetation biomass for each 
Landsat pixel. We then aggregated this pixel-level data to the spatial unit of 
92 
 
 
census blockgroup (Mennis 2006; Seto and Kaufmann 2003; Lo and Faber 
1997).  
4.2.4. Forest conservation awareness data 
Building upon earlier work by Van Fleet et al. (2012), we used conservation 
awareness data collected via mail surveys in 2012 for towns along our 
urbanization gradient (see Figure 2.1). We received 460 responses from a total 
of 1201 surveys that were mailed. Fifty-five of the surveys did not reach eligible 
respondents and 9 were received without survey identification numbers, resulting 
in an effective response rate of 39%. The survey captured and quantified family 
forest owners' knowledge and experience of Massachusetts's four conservation 
programs: current use tax programs (CUTP) such as Chapter 61 (Ch61) 
(Massachusetts General Laws Chapter 61 §§1-8), conservation restrictions (CR), 
timber harvesting (TH), and estate planning (EP). Ch16 is a current use tax 
program where a landowner (with minimum 10 acres of contiguous wooded land) 
can have property taxes reduced considerably to reflect its current potential for 
growing timber. The owner has to implement a state-approved, sustainable 
timber management plan, renewable every 10 years. CR is a legal agreement, 
between the landowner and a conservation organization, that extinguishes 
forever certain development rights in the property. However, the landowner can 
sell, bequeath or donate the land to anyone for income or income tax benefits. 
TH allows for responsible forest management with customized plans for 
management of renewable timber resources. The EP option ensures effective 
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management of the owner's land and the future personal and family legacy of the 
forestland by transferring the land according to the owner's wishes and with 
minimum tax liability. We gathered data about the actual adoption rates of three 
of the four conservation programs at the town-level. We obtained data about 
adoption rates of Ch61 from Tax Assessment Data (2011-2012), CR from 
MassGIS Protected and Recreational Open Spaces (cumulative up to 2013), and 
TH from Massachusetts Timber Harvesting Study, Harvard Forest (1984-2003). 
We employed this data to compare the adoption rates of the three programs and 
how they vary along the gradient. 
4.2.5. Analysis 
We analyzed separately the combined cities of Boston and Brookline (section 
4.3.1) and then the whole gradient as a function of population density and 
distance from urban core (section 4.3.2) because the urban core of Boston (n = 
576 blockgroups) dominated the total sample size along the gradient (n = 1241 
blockgroups). In the cities of Boston and Brookline, we investigated the 
relationships between socioeconomic variables and vegetation biomass at the 
neighborhood level (n = # blockgroups per neighborhood) and at the city level (n 
= 19 neighborhoods).   
We estimated Pearson correlation coefficients for bivariate and multivariate 
relationships between biomass and socioeconomic variables. Pearson r 
coefficients and R2 values are reported at the significance level of 0.05, unless 
mentioned otherwise. We performed multiple regression analysis of the 
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explanatory variables for biomass at the city level (n = 19 neighborhoods) using 
the correlation matrix of the explanatory variables, backward and forward 
selection. We check for interaction between the two most significant explanatory 
variables by plotting them against each other, checking their coefficients and AIC 
values when used individually or together in the regression equation.  
We then extended our analysis to towns along the two transects. For the transect 
analysis, we explored variables continuously along the gradient and also 
categorized the towns based on their urbanization intensity. We used distance 
from urban core and population density to form 4 categories. The first category of 
high-urban towns had a population density > 3000 persons km-2 and were 
generally < 10 km from the urban core of Boston (Brookline, Boston, Cambridge, 
Watertown, Waltham and Worcester). Worcester is ~60 km from the urban core 
but was included in this category because of its high population density. The 
remaining three categories are towns with population density < 3000 persons km-
2
 and at distances of 10 - 30 km, 30 - 50 km, and >50 km. We repeated 
multivariate regression analysis at town level to explore significant explanatory 
variables for vegetation biomass. 
Using conservation awareness data from the mail survey, we calculated three 
indexes of conservation awareness: (a) a total conservation awareness index 
(referred to as CAI score) which measured familiarity, knowledge and 
experience, (b) a sub-score of familiarity and knowledge but not experience (CAI 
knowledge), and (c) another sub-score of only experience (CAI experience) with 
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the four conservation programs. We explored the spatial variation in the three 
CAI scores along the gradient at parcel (n = 451), blockgroup (n = 48), and town 
(n = 19) levels and examined their relationships with socioeconomic 
characteristics and aboveground biomass along the gradient. Following Van 
Fleet et al. (2012), we treated the three CAI scores as continuous ratio variables. 
In addition, we calculated respondents' awareness (knowledge + experience) for 
each of the four conservation programs in Massachusetts, referred to as 
conservation awareness scores of Ch61, CR, TH and EP, and examined their 
variations within the sample. 
4.3. Results and discussion 
We studied the relationships between socioeconomics and vegetation biomass in 
the combined cities of Boston and Brookline, and along the entire urbanization 
gradient. This helped us analyze and ascertain whether biomass was driven by 
the same or a different set of socioeconomic drivers at the different spatial scales 
and urbanization levels. Along the gradient, we also examined family forest 
owners' familiarity with forest conservation options and their preparedness to 
make informed decisions about their land.  
 4.3.1. Socioeconomic drivers of aboveground tree biomass in the cities of 
Boston and Brookline 
Live aboveground biomass in the city of Boston ranged from 3 to 40 MgC ha-1 
with a mean value of 19.9 ± 0.6 MgC ha-1. Brookline had nearly twice the 
biomass at 36.7 ± 2.1 MgC ha-1.  Boston differed from Brookline in many factors 
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known to correlate with greenness: a much higher population density (1.6x of 
Brookline's), lower median household income (0.6x), smaller proportion of 
educated population (0.5x), and lower owner occupancy rates (0.7x). Though 
both cities had a similar proportion of old housing units (~50 % of houses built 
before 1939), the median housing value in Boston ($236,877) was half of that in 
Brookline ($446,847).  
The combined mean biomass in the cities of Boston and Brookline was 21.0 ± 
0.6 MgC ha-1 (3.2 x 105 MgC; Figure 4.1), which is 1/7th of the mean forest 
biomass in Massachusetts (151 MgC ha-1; FIA 2010).  
  
Figure 4.1. Distribution of biomass for the cities of Boston and Brookline (n = 576 
blockgroups). 
Our estimated aboveground live carbon for Boston and Brookline was lower than 
corresponding estimates by Nowak et al. (2007) because of differences in field 
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methods and allometric equations. We accounted for trees with diameter ≥ 5 cm 
and our plot radius was 15m whereas Nowak et al. (2007) included all 
trees/shrubs with diameter ≥ 2.54 cm and each of their plots consisted of 4 
subplots of radius 7.3 m. The observed ratio of mean biomass per unit area in 
other developed, residential and urban forest areas was approximately 1:3:17, 
respectively. Based on our field measurements (see Table 2.2) and the land-
use/land-cover map of the two cities, the estimates for aboveground carbon 
stocks in other developed, residential and forest areas were 0.5 x 105, 1.4 x 105, 
and 1.3 x 105 Mg C, respectively (resulting in a carbon stock ratio of 1:2.8:2.6 for 
the three land cover types). Thus, although urban forests had considerably 
higher mean biomass per unit area, residential areas stored more carbon overall. 
This pattern between biomass characteristics and land cover distributions within 
urban areas was also observed in Baltimore (Troy et al. 2007) and underscores 
the significant role of vegetation in residential areas in the terrestrial carbon 
cycle.  
We used socioeconomic variables from 2000 Census to characterize census 
blockgroups and towns along the gradient based on different levels of 
urbanization (Table 4.1). Of the various socioeconomic variables we examined, 
owner occupancy rates correlated most consistently and significantly with 
vegetation biomass at different levels of aggregation. For the combined cities of 
Boston and Brookline, blockgroup level (n = 576 blockgroups) owner occupancy 
rates  explained 31 % of the total observed variance in biomass (Figure 4.2a, 
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grey symbols). However, at neighborhood level (n = 19 neighborhoods), owner 
occupancy rates exhibited a stronger correlation and explained 58 % of the total 
variance in biomass (Figure 4.2b). The relationship between owner occupancy  
 
Figure 4.2. Biomass as a function of percent owner occupancy in the combined 
cities of Boston & Brookline at two different spatial scales: (a) blockgroups, and 
(b) neighborhoods (n = 19). In Figure 4.2a, the grey symbols represent 
blockgroups belonging to all 19 neigborhoods (n = 576), and the black symbols, 
with the linear fit, represent only the blockgroups within the 11 neighborhoods 
which had significant relationships (n = 400). 
rate and biomass was consistent but depended on the primary unit of analysis, a 
known issue in spatial analysis where correlations between two variables can 
vary with levels of aggregation (Openshaw 1984). A consistent relationship 
between owner occupancy and biomass suggests that house owners have 
greater land stewardship and are more inclined to undertake greening of their 
property and neighborhood. However, scale-dependent relationships imply that 
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for the purpose of planning and management, results from the appropriate scale 
of analysis should be applied. 
We next examined the relationship between socioeconomic variables and 
biomass within each neighborhood. The number of blockgroups comprising 
different neighborhoods varied from the lowest in Beacon Hill (n = 8 blockgroups) 
to highest in Dorchester (n = 89 blockgroups) (Table 4.1). Owner occupancy rate 
was the best overall predictor of biomass at the neighborhood scale. In 11 out of 
19 neighborhoods (Tables 1 and 2), blockgroup level owner occupancy rates 
correlated significantly (p < 0.05) with corresponding aboveground biomass. The 
three neighborhoods (Mission Hill, Jamaica Plain and Brookline) with the highest 
correlation also displayed the highest sensitivity of biomass to changes in owner 
occupancy (slope of biomass and owner occupancy in Table 4.2). Overall, 
however, we found a fairly consistent slope in the relationship between biomass 
and owner occupancy and the differences amongst the 11 neighborhoods were 
not large. A 1% increase in owner occupancy rate was associated with an 
increase in 0.39 ± 0.02 MgC ha-1 of vegetation biomass (Figure 4.2a). 
 
  
 
 Biomass 
(Mg C Ha-1) 
N block 
groups 
Population 
km-2 
White 
(%) 
Older 
than 25 
years (%) 
Bachelor’s 
degree or 
higher (%) 
Owner 
Occupied 
(%) 
Median 
Household 
Income ($) 
% HS 
units 
before 
1939  
Allston 10.6  ± 1.8 19 13,197 62 55 29 15 $36,643 42 
Back Bay 8.4  ± 1.2 19 14,374 83 74 60 33 $67,415 89 
Beacon Hill 11.5  ± 1.6 8 23,310 87 80 61 33 $63,207 88 
Brighton 21.4  ± 1.3 40 9,776 74 68 38 25 $45,727 45 
Brookline 36.7  ± 2.1 38 6,688 79 71 55 50 $77,075 66 
Charlestown 8.4  ± 1.0 17 9,518 80 75 36 40 $54,624 71 
Dorchester 20.8  ± 0.8 89 7,990 33 62 12 39 $38,785 91 
Downtown 3.4  ± 0.7 20 15,979 71 80 42 21 $48,534 65 
East Boston 10.7  ± 1.1 29 12,420 51 66 7 27 $31,038 76 
Fenway 7.2  ± 1.1 20 16,456 66 40 25 9 $22,938 45 
Hyde Park 35.8  ± 2.6 28 3,712 43 66 14 59 $46,410 25 
JamaicaPlain 30.9  ± 2.4 39 6,601 52 71 33 40 $50,164 64 
Mattapan 27.1  ± 2.1 34 7,184 3 58 7 35 $33,569 38 
Mission Hill 16.8  ± 2.8 12 11,890 43 55 22 12 $28,663 33 
Roslindale 30.8  ± 1.8 23 5,870 58 67 21 49 $47,453 61 
Roxbury 19.0  ± 1.0 60 7,757 6 58 9 21 $27,573 40 
S. Boston 9.1  ± 0.8 35 9,588 84 73 20 33 $41,013 77 
South End 12.7 ± 1.5 17 14,297 50 78 40 29 $48,294 71 
W. Roxbury 40.5 ± 2.8 29 2,745 87 76 32 70 $58,618 48 
Table 4.1. Aboveground biomass (means ± SE) and demographic information for the neighborhoods of Boston and 
Brookline. 
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Table 4.2. Relationship between aboveground biomass and owner occupancy for 
the neighborhoods of Boston and Brookline at the census block group level. * 
Denotes significance at 0.05.  
The 8 neighborhoods without a significant relationship between owner occupancy 
and biomass displayed some distinct characteristics. Five of them (Backbay, 
Downtown, Charlestown, Fenway, and South Boston) had very low mean 
biomass (< 10 MgC ha-1) and two (Hyde Park and West Roxbury) had very high 
owner occupancy (65 %) and high biomass (38 MgC ha-1). In the five 
neighborhoods with low mean biomass, the variance in blockgroup biomass was 
relatively small, making it difficult for the predictor variable to capture the 
variance. Similarly, but on the other extreme, the neighborhoods of Hyde Park 
Neighborhood 
 
Biomass & 
Owner 
Occupancy 
r 
Slope of 
Biomass  & 
Owner 
Occupancy 
Allston * 0.62 0.33 ± 0.1 
Back Bay 0 - 
Beacon Hill 0.4 - 
Brighton * 0.46 0.26 ± 0.08 
Brookline * 0.71 0.44 ± 0.07 
Charlestown 0.17 - 
Dorchester * 0.28 0.15 ± 0.06 
Downtown 0.26 - 
East Boston * 0.51 0.22 ± 0.07 
Fenway 0.22 - 
Hyde Park 0.14 - 
Jamaica Plain * 0.71 0.47 ±0.08 
Mattapan * 0.41 0.3 ± 0.12 
Mission Hill * 0.83 0.77 ± 0.16 
Roslindale * 0.63 0.27 ± 0.07 
Roxbury * 0.52 0.3 ± 0.07 
South Boston 0.2 - 
South End * 0.65 0.22 ± 0.07 
West Roxbury 0.35 - 
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and West Roxbury had low variance because of their high owner occupancy 
rates and biomass. Unlike other Boston neighborhoods, these two 
neighborhoods have a large number of parks and other green spaces (~250 ha), 
and the lowest population density (~3200 persons km-2). Beacon Hill, the last of 
the 8 neighborhoods without a significant relationship between owner occupancy 
and biomass, had a very small sample size with only 8 blockgroups. For the 
combined cities of Boston and Brookline, we re-examined the relationship 
between owner occupancy rates and biomass after excluding the 8 
neighborhoods (n = 400 blockgroups, black symbols and the linear fit cf. the 
original 576 blockgroups, grey symbols, Figure 4.2a). The explanatory power of 
owner occupancy rates increased from 31 to ~40 %.  
Owner occupancy rates (r = 0.28 to 0.83) correlated significantly (p < 0.05) with 
biomass in a greater number of neighborhoods than race (r = 0.39 to 0.64) and 
educational attainment (r = 0.45 to 0.73; Table 4.3). This variation in the strength 
and significance of relationships that we observed between neighborhoods is 
likely due to differences in socioeconomic processes at various levels of social 
organizations such as individual, household, neighborhood and city. At each of 
these levels, there could be a different set of socioeconomic processes 
determining the distribution of vegetation (Grove et al. 2006) or a combination of 
top-down (administrative) and bottom-up (individual or household) processes 
occurring simultaneously (Martin et al. 2004).  
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Pearson's r (p < 0.1) Neighborhoods 
Residual vs. other 
variables BRI BRO DOR JP MAT ROX S.END 
Population Density -0.26 -0.33 
  
-0.56 
 
0.50 
% Pop > 25 yrs of age 0.30 
 
-0.19 0.36 0.29 
  
% Educ > Bach degree 0.27 
  
0.28 0.29 
  
% White Population 
  
-0.37 
 
0.58 -0.24 
 
Median Housing Value 
 
0.39 
     
Table 4.3. Socioeconomic variables which explained the variation in biomass 
unexplained by owner occupancy rates in the neighborhoods of Brighton (BRI), 
Brookline (BRO), Dorchester (DOR), Jamaica Plain (JP), Mattapan (MAT), 
Roxbury (ROX) and South End (S.END). 
In the combined cities, blockgroup-level population density (r = -0.39) and 
median household income (r = 0.36) correlated well with biomass, consistent with 
research findings from other cities (Pozzi and Small 2002; Iverson and Cook 
2000; Talarchek 1990). Similar to our findings, Mennis (2006) reported significant 
correlations between NDVI and socioeconomic variables such as population 
density (r = -0.40), median household income (r = 0.27), non-white population (r 
= -0.32), educational attainment (r = 0.30), and median owner-occupied housing 
unit value (r = 0.32) at the census tract level in Colorado Metropolitan Area, USA. 
Kendal et al. (2012) found that educational attainment was a better predictor of 
tree cover than household income across all land uses in Ballarat, Australia. 
Unlike other studies in USA which reported household income as the most 
important driver of tree cover (Iverson and Cook 2000; Talarchek 1990), we 
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found educational attainment, though co-varying (r = 0.79) with income, was 
more important.  
We had hypothesized that housing age would correlate positively with biomass. 
But contrary to our hypothesis, we found that proportion of old housing units in a 
neighborhood exhibited a negative relationship with biomass. It is likely that the 
relationship between housing age and biomass is mediated by housing type. The 
oldest neighborhoods in Boston have a greater proportion of apartment 
complexes and condominiums with much lesser pervious surface area than 
individual houses with their own gardens. In a multiple regression analysis for the 
combined cities (n = 19 neighborhoods), owner occupancy rates and proportion 
of pre-1939 housing units together explain 77 % of the observed variance in 
vegetation biomass. These two explanatory variables carry independent 
information and do not co-vary (r = 0.08).  
4.3.2. Socioeconomic drivers of aboveground tree biomass along the 
urbanization gradient 
We analyzed blockgroup-level relationships between socioeconomic variables 
and biomass across the 38 towns along the urbanization gradient (Table 4.4, 
Figure 4.3). Given that blockgroup size (km2) increases with decreasing 
population densities, our sample density of blockgroups decreased considerably 
as the distance from Boston increased. To account for this variation in census 
statistics, we grouped all the towns in 4 categories based on two common 
measures of urbanization, population density and distance from urban core of 
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Boston. Aboveground biomass in these towns showed a strong negative non-
linear correlation with population density as observed in several other studies 
(Figure 4.4a; Mennis 2006; Lo and Yang 2002; Pozzi and Small 2002). On the 
other hand, town-level biomass displayed a positive linear correlation with 
distance from urban core (Figure 4.4b). High-urban towns with population density 
> 3000 persons km-2 and a distance of less than 20 km from the urban core of 
Boston have biomass ≤ 40 MgC ha-1, similar to secondary urban towns 
(Worcester, Natick & Framingham) situated more than 20 km from the urban 
core. Low- and non-urban towns, with a population density < 3000 persons km-2 
and distance greater than 20 km from the urban core, have a wide range of 
biomass from 40 to 100 Mg C ha-1. 
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Figure 4.3. Spatial distribution of (a) vegetation biomass, (b) % owner occupancy, and (c) % population        
with ≥ Bachelor's degree. 
Town Urban Dist. 
Mean 
Bmass 
Pop 
/km2 
% wh 
pop 
% pop 
>25yrs 
% edu 
> bach 
% own 
occ 
med 
hh inc 
% old 
hs unit 
# blck 
grps 
BROOKLINE 2 36.6 6688 79 71 55 50 77075 66 38 
CAMBRIDGE 2 21 8972 68 70 47 33 51269 66 80 
BOSTON 4 19.8 9293 50 66 23 34 41862 61 544 
WATERTOWN 5 23 3792 90 78 37 48 60796 55 29 
WALTHAM 10 31.2 3395 78 71 26 51 55953 33 52 
WORCESTER 58 39.7 3724 71 64 15 43 37353 53 167 
NEWTON 8 43.3 2174 87 70 48 71 96746 73 63 
WESTON 14 72.5 313 88 65 49 87 154255 0 12 
WELLESLEY 15 59.5 1178 90 65 49 84 122378 35 23 
LINCOLN 16 63 482 89 68 49 70 99250 0 5 
WAYLAND 20 61.5 604 91 69 44 89 97665 0 9 
NATICK 21 49.5 1217 92 72 37 77 73323 20 25 
SUDBURY 25 71.8 342 93 64 46 92 120092 0 11 
FRAMINGHAM 26 45.1 1649 78 71 30 62 60682 9 44 
MAYNARD 29 61.7 998 94 72 28 74 67159 25 8 
STOW 31 75.2 119 95 67 42 87 74872 0 5 
S.BOROUGH 34 70.5 277 93 63 41 88 108398 0 6 
BOLTON 39 84.7 80 97 67 45 93 101984 0 2 
W.BOROUGH 41 54.4 627 87 69 32 63 68472 25 12 
N.BOROUGH 43 65.2 497 93 66 33 82 78113 0 9 
LANCASTER 47 65 210 85 68 21 82 66243 0 4 
SHREWSBURY 50 60.3 848 89 69 30 76 67251 5 19 
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Town Urban Dist. 
Mean 
Bmass 
Pop 
/km2 
% wh 
pop 
% pop 
>25yrs 
% edu 
> bach 
% own 
occ 
med 
hh inc 
% old 
hs unit 
# blck 
grps 
STERLING 53 80 90 98 67 25 86 68545 0 3 
PRINCETON 60 103.6 38 95 66 36 92 80511 0 2 
LEICESTER 65 85.7 227 94 65 13 75 52428 12 8 
WESTMINSTER 66 91 77 97 67 20 86 57898 0 5 
HUBBARDSTON 70 95.4 36 99 64 21 90 61612 0 2 
SPENCER 72 75.1 621 98 67 13 66 48390 30 10 
E.BROOKFIELD 77 69.4 182 98 69 12 84 52092 0 2 
N. BROOKFIELD 79 75.4 416 96 67 11 67 46254 40 5 
TEMPLETON 80 83.1 115 97 67 9 82 46714 0 6 
BROOKFIELD 81 77.5 96 99 69 11 81 46488 33 3 
PHILLIPSTON 81 101.9 26 98 65 11 91 46845 0 1 
PETERSHAM 83 88.8 8 96 73 34 83 47833 100 1 
W. BROOKFIELD 84 78.3 184 99 71 15 78 48548 0 3 
WARREN 89 101.5 100 96 66 6 67 33646 50 4 
ATHOL 94 80.4 501 95 66 9 70 34841 38 8 
PALMER 101 82.4 333 96 68 10 66 42792 27 11 
Table 4.4. Socioeconomic characteristics and biomass of the 38 transect towns.  
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Figure 4.4. Correlation of town-level (n = 38) aboveground biomass with (a) 
population density, and (b) distance from urban core. 
We examined the relationships of blockgroup-level biomass with socioeconomic 
variables within each of these aggregated urbanization categories of towns and 
found that owner occupancy rate continued to be a significant driver of biomass 
even in the low- and non-urban parts of the gradient (Figure 4.5). Owner 
occupancy rate was the only significant driver of biomass in non-urban towns 
because of their extremely high biomass, high occupancy rates and low 
population density. The same relationship held true for the high-urban Boston 
core because of low biomass, adequate owner occupancy rates and high 
population density. Educational-attainment and median household income were 
other significant (but correlated, r = 0.79) explanatory variables of biomass in the 
towns 10 - 50 km away from the urban core of Boston. These low-urban towns 
typically have high biomass (56 - 63 MgC ha-1), high owner occupancy (~75 %),  
0 2000 6000
20
40
60
80
10
0
Population Density (persons/km2)
M
e
a
n
 
bi
o
m
a
ss
 
(M
gC
/h
a
) A
0 20 40 60 80 100
20
40
60
80
10
0
Distance from urban core of Boston (km)
M
e
a
n
 
bi
o
m
a
ss
 
(M
gC
/h
a
) B
110 
 
 
 
Figure 4.5. Significant relationships (Pearson's r at significance level of 0.1) 
between biomass and socio-economic variables (% owner-occupied housing 
units, % population with ≥ bachelor's degree, and aggregate household income) 
for census blockgroups within different categories of towns. The four town 
categories, based on population density and distance from urban core, are <10 
km (n = 973 blockgroups), 10-30 km (n = 137 blockgroups), 30-50 km (n = 57 
blockgroups), and >50 km (n = 74 blockgroups). The r values represent the 
univariate correlation coefficients of the explanatory variables. 
greater proportion of educational-attainment (33 - 39 %) and higher household 
income ($75,000 - 91,000) than the high- and non-urban towns at the two ends of 
the gradient. However, the relationships of these two explanatory variables with 
biomass did not exist in the high- and non-urban towns at the outer ends of the 
transect (Figure 4.5), comparable to other research results showing strong 
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coupling between socioeconomic and biophysical characteristics in areas of 
medium disturbance than at either extremes (highly disturbed core urban areas 
or non-urban areas with minimal disturbance). 
As hypothesized, we did find that race, educational-attainment and household 
income explained a significant amount of variation in biomass in medium 
disturbance areas of the gradient and in some neighborhoods of Boston. These 
variables were not as consistent as owner occupancy rates. Consistent with our 
results at the neighborhood level (Section 4.3.1), owner occupancy rates 
explained a significant amount of variation (59 %, p < 0.01, n=38) in town-level 
biomass along the gradient. In a multiple linear regression analysis, owner 
occupancy rates and educational-attainment together explained 78% of the 
variation in town-level biomass. Owner occupancy rates and educational-
attainment did not correlate with each other (r = 0.04). Proportion of pre-1939 
housing units correlated significantly with biomass at neighborhood scale, but did 
not capture significant variability along the gradient. A major reason for this could 
be because it showed little variability (34.8 ± 6.4 %) in towns away from the 
urban core. Surprisingly, educational-attainment along the gradient was higher 
outside the urban core than within Boston city, and therefore is an important 
explanatory variable in the regression model for town-level biomass.  
Unlike renters, homeowners are likely to have long-term interest in their 
properties and surrounding areas and proactively conserve and maintain green 
spaces in their neighborhood. People prefer to reside in areas with vegetated 
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and preserved open spaces or with an increase in affluence, move to greener 
neighborhoods or low-urban fringes with denser vegetation cover (Martin et al. 
2004; Hope et al. 2003; Lo and Yang 2002; Whitney and Adams 1980). 
Therefore, properties in greener neighborhoods or closer to open, green spaces 
have higher values (Walsh 2007; Geoghagen et al. 1997). Moreover, Grove et al. 
(2006) argue that household environmental decisions, such as planting trees and 
landscaping choices, are influenced by the desire to belong to a particular 
lifestyle group and to conform to the neighborhood status. 
4.3.3. Conservation awareness analysis along the gradient  
Along the gradient, the mean CAI score was 23 ± 0.64 points (maximum score 
64). Approximately 50 % of the respondents scored between 0 and 20 points, 
implying low conservation awareness levels. Only 13 % of the respondents 
showed high conservation awareness levels (CAI score ≥ 40 points). A further 
break-up of the CAI score resulted in sub-scores of CAI knowledge (mean 17.5 ± 
0.48 points; maximum 48) and CAI experience (mean 5.5 ± 0.19 points; 
maximum 16; Figure 4.6a). To make the two sub-scores comparable we linearly 
transformed them between 0 and 1. Based on the transformed scores, the family 
forest owners had marginally higher familiarity (mean 0.36 ± 0.01) than 
experience (mean 0.34 ± 0.01) with the 4 forest conservation programs. Similar 
to the CAI score, around 50 % of the respondents showed low awareness levels 
in both the sub-scores of knowledge (< 0.33 points) and experience (< 0.31 
points). These two sub-scores also correlated significantly with each other (R2 = 
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0.61, p < 0.01). These low scores seem to suggest that the information of 
conservation programs is not reaching the family forest owners or that these 
programs in their current forms are not attractive enough for the landowners. We  
 
Figure 4.6. Means ± standard error for respondent’s (a) CAI knowledge and CAI 
experience, and (b) CAI sub-scores for knowledge and experience of four 
conservation programs in Massachusetts: Chapter 61 (Ch61), Conservation 
Restriction (CR), Timber Harvesting (TH) and Estate Planning (EP). Data is from 
n = 451 respondents. 
also examined respondents' awareness of each of the four conservation 
programs in Massachusetts with the sub-scores for Chapter 61 (Ch61), 
conservation restrictions (CR), timber harvesting (TH), and estate planning (EP). 
The four sub-scores varied across a similar range of values but with different 
means (Figure 4.6b), similar to the observations made by Van Fleet et al. (2012). 
Along the urbanization gradient, CAI knowledge and CAI experience decreased 
with increasing distance from the urban core (Figure 4.7). Surprisingly, the 
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highest CAI sub-scores were found in the towns of Framingham and Natick, 
around  25 km of the urban core of Boston. The highest CAI sub-scores at 10 - 
50 km along the gradient also coincided with high levels of educational 
attainment and median household income at the blockgroup level (Figure 4.7), in 
agreement with our hypothesis. Family forest owners with higher educational 
qualifications and with greater disposable income are more likely to invest in the 
management of their forestland (Van Fleet et al. 2012). At the town-scale, census 
data on educational attainment (≥ Bachelor's degree; Spearman's ρ = 0.59, p < 
0.01, n = 19 towns) and median household income (Spearman's ρ = 0.43, p < 
0.1), correlated significantly with CAI scores. In contrast, CAI scores correlated 
less strongly with the education level of survey respondents (≥ College degree; 
Spearman's ρ = 0.25, p < 0.1; n = 451  parcels). 
The typical family forest owner was male, college-educated, 51-65 years of age, 
owned 49.4 ± 5.9 acres of forest land, and was a resident landowner (Appendix 
A). These socio-demographics of family forest owners are similar to those from 
several previous studies (e.g. Van Fleet et al. 2012; Butler 2008; Belin et al. 
2005). The average family forest holding of the respondents is about 50 acres, 
which is sizeable and twice the national average of 25 acres. Landholding was 
high near the urban core and at the farthest end of the gradient (Figure 4.7). As 
hypothesized, landholding size (log-transformed) correlated positively with CAI 
score (Spearman's ρ = 0.31, p < 0.1; n = 451 parcels), similar to the results 
reported by Van Fleet et al. (2012). Previous studies have argued that owners 
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with larger landholdings are more aware about and likely to participate in forest 
conservation programs and have written management plans (Butler 2008; 
Elwood et al. 2003; Hodge 1996). We did observe a significant positive 
correlation between landholding size and CAI scores. However, despite a large 
mean landholding size in our study, the mean CAI score was not high (23 on a 
scale from 0 to 64) and only ~13 % of the respondents had high CAI scores (> 40 
points). 
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Figure 4.7. Socio-economic and biophysical predictors of family forest owners' conservation knowledge and 
experience along the urbanization gradient. Data on CAI sub-scores and landholding size is from the survey 
respondents  (n = 451). Data on educational attainment, median household income and town biomass are from 
blockgroups (n = 306) of the surveyed towns. Data has been grouped together for distance intervals of 10 km. 
1
0
1
5
2
0
2
5
3
0
C
A
I
 
K
n
o
w
l
e
d
g
e
4
6
8
1
0
1
2
C
A
I
 
E
x
p
e
r
i
e
n
c
e
R2 = 0.53 , p < 0.05
2
0
3
0
4
0
5
0
6
0
7
0
8
0
9
0
L
a
n
d
h
o
l
d
i
n
g
 
s
i
z
e
 
(
a
c
r
e
s
)
0 20 40 60 80 100
1
0
2
0
3
0
4
0
Dist from Boston (km)
E
d
u
c
a
t
i
o
n
 
(
B
a
c
h
e
l
o
r
'
s
 
d
e
g
.
)
R2 = 0.84 , p < 0.05
0 20 40 60 80 100
4
0
5
0
6
0
7
0
8
0
9
0
1
0
0
Dist from Boston (km)
M
e
d
i
a
n
 
H
o
u
s
e
h
o
l
d
 
I
n
c
o
m
e
 
(
'
0
0
0
s
 
$
)
R2 = 0.63 , p < 0.05
0 20 40 60 80 100
4
0
5
0
6
0
7
0
8
0
9
0
Dist from Boston (km)
T
o
w
n
 
B
i
o
m
a
s
s
 
(
M
g
C
/
h
a
)
R2 = 0.43 , p < 0.05
117 
 
 
  117
 
 
32.5
20
23
24
47
24
15
13.5
16
24.5
26
15.5
16.5
17
22.5
31
25
25
28.5
Athol
Petersham
Palmer
Warren
Worcester
StowBolton
Lancaster
Leicester
Framingham
Princeton
Hubbardston
Templeton
Natick
Phillipston
Brookfield
N. Brookfield
Southborough
E. Brookfield
0
CH61
TH
Biomass (MgC/ha)
156
104
52
CAI Score
0 - 64
CR
118 
 
 
  118
 
Figure 4.8. Towns along the urbanization gradient where family forest owners (n = 451) were surveyed on their 
knowledge and experience of forest conservation programs. Map shows NDVI-based vegetation biomass with 
green indicating greater biomass, white representing none, and grey represents no-data. The bar graph for each 
town depicts the number of Chapter 61 designations (Ch61; during 2011-2012), Conservation Restrictions (CR; 
cumulative until 2013) and Timber Harvests (TH; during 1984-2003). The number below the bar graph represents 
the median CAI score for each town. 
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Approximately 70 % of our respondents lived on their forestland. Van Fleet at al. 
(2012) reported that resident owners had greater conservation awareness. 
However, in our data, CAI scores of respondents living on their forestland were 
not statistically different from non-resident forestland owners (p < 0.7). Instead, 
CAI scores correlated positively with urbanization (p < 0.1; Figure 4.8). Our data 
thus shows that urbanization influences CAI scores more strongly than resident 
status. Property taxes are estimated at their highest-use value and can be much 
higher for forestland in and around urban towns. It appears that forestland 
owners in rural parts of the gradient, irrespective of their resident status, may not 
need the tax and financial incentives provided by forestland conservation and 
therefore had lower CAI scores. 
Although, the differences amongst the means of the four CAI conservation 
program sub-scores were not large (Figure 4.6b), family forest owners displayed 
highest mean awareness levels for TH (6.4 ± 0.19 points; maximum 16) and 
lowest for EP (5.2 ± 0.18 points; maximum 16; ANOVA, p < 0). These sub-scores 
may be linked to the design and functioning of the conservation programs 
themselves. While, each of TH, Ch61 and CR provides immediate benefits, the 
TH provides opportunities for active management largely without the involvement 
of government. Moreover, information on TH is posted publicly, is discussed 
readily amongst forestland owners, and hence, is more likely to be disseminated. 
In contrast, EP is often a long-term planning process that can be legally complex 
and requires family and professional expertise.  
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Appendix A. Demographics of family forest owners along the urbanization gradient as summarized from the CAI 
survey responses (n=451). 
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Towns Ch61 ('11-'12) CR (in 2013) TH ('84-'03) CAI Score CAI Exp.  Ch61  CR  TH  EP  
Worcester 16 22 7 20 5 5 9 4 7 
Framingham 25 12 9 47 13 10.5 14 7 12 
Natick 39 20 6 31 11 6 11 5 12 
Lancaster 54 3 48 22.5 5 5.5 5 6 7 
E. Brookfield 25 14 21 25 5 7 5 8 5 
Southborough 12 11 22 25 4 7 9.5 4.5 6 
Stow 62 15 27 28.5 8 9.5 8.5 6.5 7 
N. Brookfield 79 20 51 16 4 2 3 5 4 
Brookfield 31 6 48 17 2.5 4 3 5 3 
Athol 48 15 122 23 4 6 4 8 4 
Palmer 42 3 81 16.5 5 5.5 2 6 3 
Templeton 40 3 87 15.5 5 6 3.5 5 3 
Bolton 64 97 17 26 6 9 6 5 7 
Leicester 49 3 114 15 4 1 2 5 4 
Petersham 60 39 242 32.5 7.5 8 9.5 9.5 5.5 
Hubbardston 42 3 135 13.5 3.5 2 2 6 3.5 
Warren 156 5 63 24 6 8 3 7 3 
Phillipston 19 24 97 24 5 6 4 7 5 
Princeton 56 17 110 24.5 6 7 7 6.5 6 
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Appendix B. Town-specific forest conservation awareness and experience of family forest owners along the 
urbanization gradient. The median CAI experience sub-score represents the experience of the family forest owner 
in the four conservation programs of Ch61, CR, TH and EP. 
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Because the data on the adoption rates of three of the four (except EP) 
conservation programs in the transect towns (Appendix B) is from different time 
periods, we avoided making comparisons between the programs. Along the 
gradient, there were more timber harvests away from the urban core than close 
to it (Figure 4.8, Appendix B). Between the two transects, towns along the 
northern transect had more timber harvests than those along the southern 
transect. The southern transect towns are more urban than the northern transect 
towns, and have higher levels of development pressure resulting in relatively 
lower biomass. This might make these towns more suitable for conservation 
options other than TH.  
At the town-level, CAI scores showed a negative correlation with biomass density 
(Mg C ha-1; Pearson's r = -0.39, p < 0.1, n = 19 towns). Sub-scores CAI 
knowledge and CAI experience also showed decreasing trends with increasing 
town biomass (Figure 4.7). However, the relationship between biomass and CAI 
score was not significant at the forest parcel (p > 0.1, n = 347 parcels) and 
blockgroup (p > 0.1, n = 48 blockgroups) levels. Towns closer to the urban core 
of Boston, such as Natick and Framingham, have lower biomass (Figure 4.8) due 
to higher development pressures. Such towns have much higher property values 
because a property in these towns is assessed at its highest-use value. 
Forestland owners in such low-urban towns are likely to have a greater need for 
tax and financial incentives available via conservation options such as Ch61, CR 
and EP. The negative correlation that we observed between town-level biomass 
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and CAI scores is more likely an effect of greater development pressure leading 
to higher property taxes and therefore, higher need for adoption of conservation 
options.  
4.4. Conclusion 
Several studies have examined the relationships between socioeconomic and 
biophysical variables in different urban settings and ecosystems. Results from 
these studies have brought out the complexities of the relationships in coupled 
human-natural systems. The set of variables that most strongly capture the 
variability in the characteristics of urban ecosystems can vary between study 
areas but there is a subset of core variables that tend to remain significant across 
studies. Similar to previous research, we found significant relationships between 
vegetation biomass and some of the core variables such as population density, 
educational attainment, race and household income. However, unlike other 
studies, a previously unreported variable, owner occupancy rate, was the most 
significant, consistent and strongest predictor of variability in biomass at different 
spatial scales. Along with housing age, owner occupancy rate explained 77% of 
the variation in neighborhood biomass in the combined cities of Boston and 
Brookline, and with educational attainment, it captured 78% of the variability in 
town biomass along the gradient. Information on owner occupancy rates is 
readily available from Census data and future studies can determine if this 
variable is as significant a driver of biomass in other urban areas.  
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In low-urban areas, at least three socioeconomic variables (owner occupancy, 
educational attainment and median household income) were significantly 
correlated with biomass indicating a strong coupling between biomass and 
socioeconomic variables in areas of intermediate disturbance. But these 
relationships broke down in areas of very high (urban core of Boston) and 
minimal (rural areas) disturbance along the gradient (Figure 4.5). In low urban 
areas, variability in biomass is likely to be governed by natural factors and the 
footprint of human activities is too small to affect the pattern and variability in 
biomass. On the other hand, in the urban core, human dominance alters the 
landscape so drastically that there is relatively less vegetation. Moreover, human 
modification homogenizes the vegetation resulting in little spatial variability in 
biomass.   
Some studies (Boone et al. 2010; Vogt et al. 2002; Grove 1996) have used time 
series data to reveal the effects of time lag in relationship between 
socioeconomic variables and vegetation response. In this study, we used 
socioeconomic data from 2000 Census and vegetation biomass data from 2010. 
Our study thus cannot identify how relationships between socioeconomics and 
biomass evolve and change over time. However, understanding temporal 
changes in relationships between socioeconomics and ecosystem characteristics 
is important for different stakeholders such as property developers, urban 
planners, policy makers, and household property owners. For example, a 
potential property buyer may be interested to see if the relationship between 
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owner occupancy rates and biomass remains the same or changes over time. 
Similarly, availability of temporal datasets on conservation awareness levels and 
land use change can help analyze lagged responses of land management to 
conservation awareness levels, and thus assist in designing appropriate policies 
for land conservation. A key challenge in temporal analysis is the availability of 
time series data on biophysical and socioeconomic variables. Free availability of 
Landsat data has helped remove this constraint and as large scale pre-
processing of Landsat data advances, more studies should be able to carry out 
temporal analysis of coupling between socioeconomic and biophysical variables. 
We plan to extend this study by repeating the analysis with 2010 census data as 
it becomes available at the blockgroup level.  
Processes and relationships that operate at one scale can break down, become 
weaker, or grow stronger at other scales. In our analysis, the relationship 
between owner occupancy and biomass remained statistically significant and 
increased in strength from blockgroup through neighborhood to town. On the 
other hand, the relationship between CAI score and biomass was significant only 
at the town scale and not at the scales of blockgroup and parcel. Complex 
interactions occur among socioeconomic variables at different levels of social 
organizations such as households, neighborhoods, and towns. For example, 
neighboring households influence each other through informal interactions 
whereas socio-cultural groups and administrative bodies such as the municipality 
might be more relevant at the neighborhood level in mediating the relationships 
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between socioeconomic and biophysical processes. To more comprehensively 
understand these mechanisms and uncover causal relationships, future studies 
should try and control for mediating variables at different scales. 
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Chapter 5 - Conclusion 
In the US, urban areas currently support 80% of the total population (UN 2012). 
CO2 emissions from these areas account for approximately 85% of the total 
greenhouse gas (GHG) emissions (EPA 2011). Similarly, anthropogenic activities 
in and around urban areas have been producing increased amounts of reactive 
forms of N such as NO3-, NH4- and NOx. Understanding the response of urban 
ecosystems to these altered states of C and N biogeochemistry is an important 
research area in global environmental change with important implications for the 
growth and sustainability of urban areas.  
In this dissertation, I combined field data on vegetation biomass, vegetation and 
soil C and N chemistry and isotopic analysis, remote sensing observations, 
models, and mail survey data on forest conservation awareness to investigate 
the following three important issues along an urban-to-rural gradient in the 
Boston region: 
(i)     Relationship between urbanization and biogeochemistry of C and N of 
vegetation and soil. 
(ii)   Spatial variation in atmospheric N inputs and losses and relative contribution 
of atmospheric and biological sources to N losses.  
(iii) Socioeconomic predictors of vegetation biomass and forest conservation 
awareness. 
My research highlights the complexities of urban ecosystems. Urbanization had 
distinct effects on certain characteristics, such as foliar C content and 
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atmospheric N deposition, but its effect on other characteristics such as N 
leaching was masked or muted by natural variations in vegetation, soil and 
climate. Similar to previous research, we found significant relationships between 
vegetation biomass and some of the core variables such as population density, 
educational attainment, race and household income. However, unlike other 
studies, a previously unreported variable, owner occupancy rate, was the most 
significant, consistent and strongest predictor of variability in biomass at different 
spatial scales. This research shows that urban ecosystems store considerable 
amounts of C and N in soil and vegetation, thus confirming their significance in 
the global C and N cycles. Regional N deposition models did not capture the 
variability observed in field measurements and therefore, need to incorporate the 
effects of urbanization. Landsat data can potentially be used to capture the 
variability in vegetation and foliar N content of urban landscapes. However, the 
effects of ISA fraction should be factored in while scaling up belowground 
variables. This study was spatially focused on the Boston metropolitan region, 
but the results have a much broader relevance and highlight future areas for 
additional research.  Process-based and detailed local studies, like those 
included in this dissertation, provide the foundation for developing new urban 
ecological theory and empirical models which can more accurately capture the 
coupled natural-human nature of our urban areas.  
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5.1. Effect of urbanization on the biogeochemistry of C and N in vegetation 
and soil 
We observed contrasting effects of urbanization on plot-scale C and N content of 
soil and vegetation along the gradient. Our results and conclusions at the 
landscape scale were strongly influenced by spatial patterns in vegetation type 
and the selected scaling methods. We found that vegetation C and N content 
decreased, but foliar N concentration showed no trend with urbanization. On the 
other hand, soil C and N content increased with urbanization. We found a 
combination of ISA fraction and population density to be the most relevant 
metrics for characterizing urbanization intensity along the gradient and applied 
such thresholds that objectively defined 'urbanness' (Raciti et al 2012a). It is 
difficult to quantify different urbanization gradients using a single standard set of 
metrics (McIntyre et al. 2000) because of differences and complexities arising 
from variations across biomes, land use history (Foster 1992), and urban 
development patterns (Seto et al. 2011). Nonetheless, the challenge in unifying 
various urban ecological studies rests upon clear characterization of the degree 
of ‘urbanness’ and potentially reporting the results using a standard set of 
urbanization metrics (Hahs and McDonnell 2006).   
The methods and assumptions used for scaling-up soil and foliar chemistry can 
considerably influence the results. Adjustments made for soils under impervious 
surface areas (Pouyat et al. 2006; Raciti et al. 2012a; Raciti et al. 2012b) 
considerably altered our estimates of soil C and N content. In contrast with 
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studies that did not account for soil chemistry under impervious surfaces (Nikula 
et al. 2010; Fang et al. 2011), we found a negative linear relationship between 
foliar N concentration and impervious-adjusted soil N concentration. These 
results demonstrate the importance of accounting for impervious surfaces when 
scaling field data to urban ecosystems.  
We explored the potential of remotely sensed indexes to capture the spatial 
variation in ecosystem characteristics along the gradient. NDVI correlated 
positively with foliar N content, but not N concentration. Foliar N concentration 
across the urbanization gradient seemed to be driven more strongly by changes 
in species composition than by phenotypic changes resulting from increased 
atmospheric N inputs. These findings suggest that the influence of urbanization 
on the environment may be masked or muted by land use history and/or natural 
variations in soils, vegetation, and climate.   
5.2. Variations in atmospheric inorganic N inputs and losses along the 
gradient 
We measured atmospheric inorganic N inputs and leaching across the urban 
gradient to better characterize the magnitude of urban deposition and the spatial 
variations with urbanization. Urbanization had a distinct influence on atmospheric 
N inputs but no discernible effect on leaching. Our measurements illustrated that 
regional atmospheric N deposition models do not capture the spatial variability of 
N deposition in urbanizing landscapes.  
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Measures of urbanization intensity, such as distance from urban core and on-
road CO2 emissions, correlated positively to inorganic atmospheric N inputs. 
However, road density and impervious surface area did not predict total 
atmospheric N inputs as strongly. These results suggest that not all urbanization 
metrics are equally powerful in explaining variability in atmospheric N input rates, 
and some metrics are better than others at capturing variability in particular 
reactive N species.  
N leaching rates correlated significantly with total inorganic N inputs, but not with 
urbanization intensity. N saturation status also did not show a clear relationship 
with urbanization intensity and occurred at both urban and non-urban sites. The 
effects of urbanization intensity on N leaching rates and N saturation are known 
to be strongly mediated by local site factors such as soil characteristics, plant 
and microbial activity, historical land-use, and disturbance patterns. Future 
studies may need to control for a greater range of local site factors along 
urbanization gradients to understand the relative importance of landscape- and 
site-scale factors in determining N leaching rates and N saturation status. 
 The proportions of NH4+ and NO3- in total inorganic N inputs varied over space 
and time, and differed among urban areas. ClimCalc, a regional N depositional 
model, could not capture the large variability observed in measured atmospheric 
N inputs along the gradient. It underestimated total atmospheric N inputs at 
urban sites and overestimated at rural sites, underscoring the need to 
incorporate the effects of urbanization in regional N deposition models.   
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5.3. Socioeconomic predictors of vegetation biomass and forest 
conservation awareness 
We found that residential areas can store significant aboveground carbon, 
comparable to urban forests, and also observed complexities in the relationships 
between socioeconomics and biomass at different spatial scales and 
urbanization levels. Though urban forests had a higher mean biomass density, 
vegetation in residential areas comprised the largest fraction of urban vegetative 
carbon stocks, underscoring the significant role of residential areas in terrestrial 
carbon cycle. In contrast to common socioeconomic predictors of vegetation 
biomass (such as population density, educational attainment, race and 
household income), we found that owner occupancy rate was the most significant 
predictor of variability in biomass at different spatial scales. Multiple linear 
regression analysis showed that along with housing age, owner occupancy rate 
explained 77% of the variation in neighborhood biomass in the combined cities of 
Boston and Brookline, and with educational attainment, it captured 78% of the 
variability in town biomass along the gradient.  
In low-urban areas between 10 - 50 km from the urban core, at least three 
socioeconomic variables (owner occupancy, educational attainment and median 
household income) correlated significantly with biomass indicating a strong 
coupling between biomass and socioeconomic variables in areas of intermediate 
disturbance. But these relationships broke down in areas of very high (urban core 
of Boston) and minimal (rural areas) disturbance along the gradient.  
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5.4. Future directions 
Urbanization is a dynamic and on-going global phenomena.  Cities are constantly 
expanding, contracting, and being reshaped by both human and natural 
processes such as economic booms and busts, industrial developments, and 
environmental disasters (both natural and man-made). As we look to the future 
and think about how to create and maintain environmentally sustainable cities, it 
becomes imperative to integrate the coupling between biophysical and 
socioeconomic processes in urbanizing landscapes. An improved mechanistic 
understanding of the spatial and temporal dynamics of this coupling can provide 
critical inputs for the planning and design of sustainable cities.  
Nitrogen is important for vegetation productivity and is going to be an important 
control on the biosphere's response to climate change. This thesis demonstrated 
large variations in nitrogen deposition with urbanization intensity suggesting that 
the productivity of urban ecosystems may differ from rural ecosystems. Urban 
ecosystems are characterized by fine-scale heterogeneity, exposed to elevated 
levels of N and CO2, and altered temperature and moisture regimes. This thesis 
demonstrated the potential of Landsat data in upscaling foliar N content from plot 
to landscape scale but also highlighted that we require new information to 
capture foliar N concentration and explain the remaining spatial variability in foliar 
N content. The increasing availability of hyperspectral and higher spatial 
resolution remotely sensed data, and urban-specific methods for vegetational 
analysis hold enormous promise for providing fine-scale information on 
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vegetation characteristics and foliar N. Such information could substantially 
improve our understanding of how biogeochemical processes vary across space 
and time.  
Ecological and social systems in urban landscapes have dynamic linkages with 
each other. The nature and strength of these linkages can vary over time and the 
effects of change in one system on the other can manifest themselves after a 
time lag. Previous studies have used time series data to reveal the effects of time 
lags in relationships between social and ecological systems (Grove 1996; Vogt et 
al. 2002), but temporal changes in relationships between socioeconomics and 
ecosystem characteristics are important for different stakeholders such as 
property developers, urban planners, policy makers, and household property 
owners. For example, a potential property buyer might be interested to see if the 
relationship between owner occupancy rates and biomass remains same or 
changes over time informing neighborhood stability and ecosystem services. In 
this work, we could not assess the stability of relationships between 
socioeconomics and vegetation biomass due to a paucity of longitudinal data. A 
key challenge in temporal analysis is the availability of time series data on both 
biophysical and socioeconomic variables.  
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